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iAbstract
The synthesis of microporous silica materials for the production of highly gas selective
membranes is achievable through sol-gel chemistry. These materials can be tailored to
impart certain functionalities, such as molecular sieving pore size control, or the creation of
preferential gas adsorption sites by embedding specific metals or metal oxides on the
nanoscale. However, to date only a small number of single metal dopants have been
investigated, which leaves significant scope for further exploratory work. As such, this
thesis explores the incorporation of novel metals and metal combinations and investigates
how the metal-silica and metal-metal interactions affect material formation as well as
membrane performance.
The first contribution of this thesis found that lanthanum does not behave like conventional
transition metal dopants (Co, Ni, Fe etc.). The formation of a lanthanum silicate phase
changes the pore size distribution of the silica xerogel. At low lanthanum concentrations
(La/Si molar ratio ≤ 0.15) the PSD remains in the microporous region, though pore volume
is reduced with increasing concentration. This was due to the conversion of microporous
silica into a dense lanthanum silicate phase. At high lanthanum concentrations (La/Si >
0.15) minimal microporosity remains and the PSD shifts into the mesoporous region, with
larger pore sizes achieved at higher concentrations. This mesoporosity manifests through
the creation of voids between the lanthanum silicate nano-domains, a consequence of the
consumption of the microporous silica.
Continuing from this study, lanthanum cobalt co-doped silica membranes were prepared to
investigate both the functionalities generated by, and the effect of metal-metal interactions
on lanthanum silicate formation. This lead to the second contribution of this thesis; the
He/CO2 permselectivity significantly increased from 80 to 196 over 6 days of permeation
testing at 500˚C. This is a novel result and suggests the formation of the silicate phase
interacted with both silica matrix and cobalt nano-domains in a way where larger pore
sizes preferentially closed. This is contrary to conventional metal oxide silica matrices,
where the smaller pore sizes tend to collapse under heat treatment.
Based on these results, cobalt-palladium (transition metal-transition metal) doped silica
materials and membranes were prepared to compare the metal-metal interactions with the
cobalt-lanthanum (transition metal-lanthanide) materials. This study provided the third
contribution of this thesis; the preferential reduction of palladium oxide alters the gas
transport through the doped silica membrane. The reduction of palladium oxide
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nanoparticles to metallic palladium results in a 40% decrease in volume. The phase
change caused a decrease in the He/N2 gas permselectivity from 70 to 30 which was
postulated to be due to the opening of a molecular gap in the membranes porosity.
The preceding LaCo and PdCo silica membrane studies showed that the reduction of
oxidised nanoparticles can open molecular porosity gaps, the larger the amount of
reducible phase, the larger the deviation in permeation. To further probe the interaction
between the metal nanoparticle and the silica matrix, palladium doped silica membranes
were prepared under reducing conditions (H2). Palladium was chosen due to its propensity
to form highly crystalline nanoparticles which enable clear characterisation. In addition, the
preparation of the membrane in H2 enabled the membrane performance to be monitored
when no molecular porosity gap exists to accommodate the oxidation (expansion) of the
nanoparticle. This lead to the fourth contribution of the thesis; the oxidation of metallic
palladium nanoparticles prepared in reducing conditions deteriorates the performance of
silica membranes. This was observed through a decrease in the He/N2 permselectivity
from 30 (before oxidation) to 6 (after oxidation). This permselectivity loss was not
recoverable upon re-reduction. The drop in separation performance is due to the stress
imparted on the surrounding silica matrix from the expansion of the palladium
nanoparticles, since no molecular gap exists to accommodate their expansion. This lead to
the formation of micro-cracks throughout the silica matrix which impacted separation
performance.
The studies undertaken within this thesis, and as a whole throughout the associated
literature, focus on the metal dopant species; how the metal dopant directly interacts with
the silica material, how the metal dopant interacts with the permeating gas molecules.
These studies assume that the metal dopant does not affect the formation of silica
structures that are removed from the metal-silica interface. Thus the final study in this
thesis investigates the influence of metal dopants (palladium chloride) on the silica sol-gel
reactions through the initial sol-gel, drying and calcination steps. This study provides the
fifth and final contribution of this thesis; the interaction of the PdCl2 precursor with water
inhibits silica hydrolysis and condensation reactions before gelation. Thereafter, the
hydrolysis and condensation reaction rates and extents are enhanced relative to the non-
doped silica xerogels. This is due to both the dehydration of the aqua palladium complex
and the low quantity of ethanol remaining in the gel to inhibit the reaction.
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11. Introduction
1.1 Background
Energy demand has increased exponentially since the industrial revolution [1]. Fossil fuels
have been used to meet this demand due to their abundance and high energy density.
When burnt in conventional energy systems they release carbon dioxide which is emitted
to the atmosphere. This has, over time, resulted in an imbalance of carbon dioxide (CO2)
in the carbon cycle which has been specifically observed as an increase in atmospheric
CO2 [2]. This increase in atmospheric CO2 has been strongly linked to climate change [2].
Furthermore, it has been predicted by the Intergovernmental Panel on Climate Change
that this will increase the mean global temperature by 3.7 ± 0.7˚C (90% confidence) by
2100 under a “business as usual” scenario [2]. This has the potential to cause catastrophic
collapse of ecosystems worldwide as well as increasing the likelihood of extreme weather
events [3].
Increased public awareness has resulted in a shift towards using cleaner technologies to
mitigate the environmental effects caused by energy production from fossil fuels.
Renewable energy production technologies have been heralded as the long term solution
to this problem; however current technologies are not sufficiently developed and are
unable to meet our current needs. Considering the unpopularity of energy generation from
nuclear sources, advanced carbon based processes are forecast to play a prominent role
in the worlds energy mix in the medium term [4]. Processes that are at the forefront of
development include high efficiency coal and natural gas fired power plants and integrated
heat and power coal gasification plants. In addition, methods to remove CO2 from emission
streams to store in geological formations are being investigated [5].
The separation of hydrogen (H2) and CO2, generated by gasification of fossil fuels, is a
prominent area for investigation; current technologies expend too much energy which
renders gasification technologies economically infeasible in current marketplaces [6].
Membrane processes show significant potential for reducing the associated energy
requirements of this separation by processing the high pressure H2/CO2 gaseous feed into
separate high pressure CO2 and low pressure H2 streams; the former offsetting a portion
of the energy intensive CO2 compression required for sequestration [7, 8]. Silica is a
prominent material being investigated for use in membranes within this application [9].
2Gas separation using silica membranes was first achieved in the late 1980’s and
early1990’s for CVD [10] and sol-gel methods [11-13] respectively. These studies
succeeded by producing pores less than 1 nm in size, separating gases through a
molecular sieving mechanism. In general, silica membranes produced via sol-gel methods
have higher permeances and lower selectivities than their CVD counterparts and are thus
more aligned to the needs of the majority of industrial processes.
Since these proof-of-concept studies, research has mainly focused on enhancing the gas
permeance and selectivity of silica membranes at high temperatures, in addition to
improving their chemical stability. Recent advances have achieved marked improvements
in the hydrothermal stability of silica membranes with both the incorporation of carbon
phases to reduce the materials hydrophilicity [14-17], and the incorporation of metal oxides
[18-23]. Furthermore, gas permeation and selectivities have been enhanced through the
tailoring of sol-gel reactions [24, 25], reducing transport resistance by minimising
membrane and interlayer thickness [26] and by the incorporation of metal nanoparticles
with hydrogen affinity [27-31]. In general, transition metal and metal oxide doped silica
membranes have shown the best combination of gas permeance, permselectivity and
stability, in particular cobalt oxide doped and nickel doped membranes [29, 32].
Silica membranes doped with metallic nickel have shown enhancements in H2 permeation
above those expected from purely molecular sieving membranes. A H2 gas permeance of
1.3 x 10-7 mol.m-2.s-1.Pa-1 and a H2/He permselectivity of 4.4 were achieved by the
reversible adsorption of H2 to the nickel nanoparticles, facilitating their permeation [29, 30].
In addition, it has been reported that cobalt oxide doped silica membranes have achieved
gas permeances of 3.5x10-7 mol.m-2.s-1.Pa-1 and He/N2 selectivities of 1100 [33, 34].
Furthermore, improvements to hydrothermal stability have also observed with cobalt oxide
dopants, and long term operability in excess of 2000 hours has been demonstrated [32].
Other metal dopants (i.e. Nb, Al, Mg, Zr, Fe) have been trialled with varying success and
have been limited to single metal dopant studies only [18, 35-37].
As implied above, the great majority of work on metal doped microporous silica materials
and membranes has been performed with nickel and cobalt; limited studies investigate
other metal dopants. Similarly, all metal dopants investigated to date have been transition
metals; there is no published literature on alkali, lanthanide or metalloid dopants.
Therefore, significant scope exists to trial novel metal dopants, particularly from a non-
transition metal category.
3It has been demonstrated that metal dopants can give specific functionalities to silica
membranes. However, these functionalities are completely determined by the phase of the
metal dopant. For instance, it has been reported that cobalt oxide enhances hydrothermal
stability while metallic cobalt does not [33]. Olguin et al. [38] showed that the phase of
cobalt dopants can be tailored by the addition of surfactants with halide counter ions. The
chemical interaction between cobalt and the halogen promotes a tetrahedral formation,
which in turn promotes Co3O4 formation. On the other hand, the metal phase can also be
changed by exposing membranes to reducing/oxidising conditions. Miller et al. [39] showed
that the phase of cobalt could be repeatedly oxidised and reduced during gas separation
testing. This process has significant implications for the maintenance of specific
functionalities during membrane operation.
These examples highlight another gap in knowledge as discussed in Chapter 2 (Literature
Review); can the incorporation of other constituents (e.g. binary metal doping) tailor and/or
control the metal phase within microporous silica? Given that there is a large array of
metal combinations to be explored, there is a significant possibility that novel functionalities
otherwise not encountered in the case of single metal doped silica membranes may be
discovered.
It is clear that the performance of silica membranes is highly reliant on the metal dopant
species. Many factors influence the state of the metal species, though few studies
investigate the mechanisms involved. The primary aim of this thesis will thus be to
investigate how various metal-silica interactions affect the state of the metal dopant
species. Furthermore, the stability of membrane performance will be probed by
investigating how the metal-silica interactions vary under reduction/oxidation conditions.
Secondly, the binary doping of metals into silica materials will be trialled, with the aim of
understanding how metal-metal interactions influence the phases of the metal species.
Finally, to provide an alternative perspective to the metal centric view of these composite
materials within the literature, the influence of metal precursors on the bonding of silica will
be investigated.
As discussed above, there is a large selection of metals that have not been investigated
for gas separation through silica membranes. With the purpose of simultaneously exploring
novel interactions within silica systems and synthesising high quality membranes, a mixture
of new and previously trialled metals are investigated. Lanthanum, which forms metal
silicates below membrane synthesis temperatures, is chosen to study the influence of
4metal-silica reactions on the formation of silica xerogels and the performance of
membranes. Cobalt, which has been shown in literature to produce high quality
membranes, is chosen with the aim of investigating how metal-metal (binary doping)
interactions affect its chemical phase. In this regard, both lanthanum (strong interaction
with silica) and palladium (weak interaction with silica) are co-doped with cobalt. Finally,
palladium, which has the propensity to form highly crystalline nanoparticles within silica, is
chosen to study the effect of metals during material synthesis and membrane operation. In
particular, a focus on the influence of the palladium precursor (PdCl2) has on the sol-gel,
drying and calcination of silica materials and the effect that changing nanoparticle phase
has on membrane performance will be considered.
1.2 Scope
This thesis researches novel combinations of metal dopants in microporous silica to
elucidate how metal-silica and metal-metal interactions impact on metal dopant phase.
Furthermore, the influence of these interactions on membrane performance under redox
conditions is also investigated. Finally, the influence of metals on the formation of silica
structures is investigated. More specifically, this work investigates the influences of metal-
metal, metal-silica and silica-metal of metal doped silica materials and xerogels through
the use of single gas permeation tests, N2 adsorption, scanning electron microscopy
(SEM), transition electron microscopy (TEM), Fourier-transform infrared (FTIR), x-ray
photoelectron spectroscopy (XPS) and x-ray diffraction (XRD) techniques.
1.3 Key contributions
The key contributions of this thesis are summarised as follows:
• Lanthanum does not behave like conventional transition metal dopants (Co, Ni, Fe
etc.). The formation of a lanthanum silicate phase changes the pore size distribution
of the silica xerogel; microporosity is retained (though depleted) at low lanthanum
concentrations while mesoporosity is formed at high concentrations. This is due to
the conversion of microporous silica to a dense silicate phase. Mesoporosity is then
formed at a critical lanthanum concentration within the voids created between the
large silicate nano-domains.
• The co-doping of lanthanum and cobalt in silica membranes preferentially
collapsed/closed for pore sizes ≥ kinetic diameter of H2), resulting in He/CO2
permselectivity increase by 145% (from 80 to 196) after exposure to 500˚C for 6
5days. These results are contrary to other silica and metal doped silica membranes
which undergo thermal densification and closure of the smaller pore sizes.
Therefore, the formation of lanthanum silicates conferred superior structural stability
in the silica matrix.
• The co-doping of palladium and cobalt provides a novel functionality to molecular
sieving silica membranes. The higher reduction potential of the palladium oxide
nanoparticle saw its preferential reduction. This resulted in a decrease in
nanoparticle size and corresponded to an increase in gas permeance due to the
opening of a molecular gap in the membranes porosity.
• The interaction of PdCl2 precursor with water inhibits the hydrolysis and
condensation sol-gel reactions before silica gelation. Thereafter, hydrolysis and
condensation reactions are enhanced due to the liberation of water from the
palladium complex.
• The lack of localised porosity to accommodate metallic palladium nanoparticle
oxidation (expansion) within silica membranes deteriorates membrane
performance. This is due to the stress on the surrounding silica matrix and results in
the formation of micro-cracks which decrease gas permselectivity.
1.4 Structure of thesis
This thesis contains 8 chapters written in the European style which is now endorsed by
The University of Queensland. Chapters 3 and 5 are comprised of the author’s published
journal manuscripts. A short description of the chapters is presented below:
Chapter 1: Introduction
This chapter presents the background of the thesis in addition to the thesis’ scope and the
key contributions it makes to the field of research.
Chapter 2: Literature review
This chapter presents an overview of the literature surrounding the formation of metal
oxide sol-gel silica membranes. This includes the theory behind metal oxide silica
membrane production, properties of silica membranes, recent advancements and current
gaps in knowledge.
6Chapter 3: Nanoscale assembly of lanthanum silica with dense and porous
interfacial structures
This chapter presents the characterisation of lanthanum doped silica xerogels with
lanthanum to silica molar ratios in the range of 0 ≤ La/Si ≤ 0.5. N2 adsorption, XPS and
FTIR spectroscopy were used to investigate the effect of silicate formation on the pore size
distribution of the xerogel. TEM and XRD were utilised to determine the phase and
morphology of lanthanum on the nanoscale. This chapter was published in Scientific
Reports.
Chapter 4: Redox effect on binary lanthanum cobalt silica membranes with
enhanced silicate formation
This chapter presents the characterisation of lanthanum, cobalt and binary lanthanum
cobalt doped materials. FTIR was utilised to identify the effect of cobalt on lanthanum
silicate formation while N2 adsorption investigated the link between silicate formation and
micropore volume. Single gas permeation testing was undertaken to test the stability of
permeance with time in its oxidised and reduced states. An XPS analysis was undertaken
to investigate the effect of lanthanum on the formation of cobalt oxide to explain the
permeation characteristics of the membrane.
Chapter 5: Palladium cobalt binary doping of molecular sieving silica membranes
This chapter presents the single gas permeation characterisation of a palladium cobalt
binary doped silica membrane. The membrane was tested in both its oxidised and reduced
states to monitor differences in permeation performance. XPS and N2 adsorption were
used to correlate the phases of the dopant species with the porosity of the material. This
information was then used to understand how the phase change of nanoparticles affects
permeation performance. This chapter was published in the Journal of Membrane Science.
Chapter 6: Oxidation-reduction cycling of molecular sieving palladium doped silica
membranes
This chapter presents the characterisation of palladium silica to determine the effect of
calcination conditions on nanoparticle morphology. Palladium silica xerogels were calcined
in air (PdOSi) and H2 (PdSi) with the phase of the palladium nanoparticles monitored by
XRD at various temperatures. TEM was employed to correlate crystallite size and
7nanoparticle size of the xerogels. A PdSi membrane was then produced and its thickness
was characterised by both SEM and XPS depth profiling. Membrane performance was
tested under oxidising and reducing conditions to determine the impact of varying the
phase (and thus size) of the nanoparticle.
Chapter 7: Influence of palladium chloride on the chemical and physical properties
of silica xerogels
This chapter presents the optimisation of sol-gel conditions for the production of
microporous palladium silica materials. The solubility of PdCl2 was found to be highly
dependent on the quantity of HCl and water present. Thus, silica materials were
synthesised varying the HCl and water to tetraethyl orthosilicate (TEOS) ratio (R) to
determine how palladium concentration would affect the silica structure. The silica
materials were analysed via FTIR, TGA, 29Si solid-state NMR and N2 adsorption
techniques. Finally, the optimal concentration of palladium was incorporated into the silica
sol-gel synthesis. The formation and final structures of the palladium silica and analogous
silica xerogel were then compared using TGA, N2 adsorption, 1H liquid-state and 29Si solid-
state NMR.
Chapter 8: Conclusions and recommendations
This chapter presents the overall conclusions of this thesis as well as recommendations
for future work.
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2. Literature Review
2.1 Introduction
This chapter provides a summary of existing literature relating to microporous silica
materials derived from sol-gel processes, for high temperature gas separation applications.
The underlying solution chemistry of the sol-gel process will be overviewed in Section 2.2,
along with the theory behind the drying and calcination of silica sols, focusing on the
resultant porous structures. Following this, Section 2.3 overviews the various transport
mechanisms that are applicable to porous membranes, concluding with the structure and
rationale behind the configuration of a typical asymmetric membrane. The characterisation
of membranes is then overviewed in Section 2.4, followed by Section 2.5, which provides
an overview of the enhanced material properties obtained by doping metals into the silica
matrix. Section 2.6 provides a summary of the literature review, identifying that there are
significant gaps in knowledge in the microporous silica literature. These pertain to the
interaction between doped metals and the silica structure in the sol-gel, calcination and gas
permeation phases of membrane characterisation. Furthermore, the literature places a
significant focus on the role of metal nanoparticles within silica materials, leaving an
absence in the knowledge surrounding other metal phases that can exist in conjunction
with, or independent to these metal species (e.g. metal silicates).
2.2 Silica Sol-Gel Materials
Silica membranes are commonly synthesised with sol-gel chemistry as it is a simple and
effective way to produce homogeneity on the nanoscale [1], a critical requirement for gas
separation. Silicon alkoxides are typical precursors in this process whereby they are reacted
to produce a wide variety of structures dependent upon various controlled inputs [2, 3].
Solutions can either be dried as a bulk to produce monoliths, which are convenient for
material characterisations, or coated onto a porous substrate to produce thin membrane
layers. This section will cover the production process of sol-gel derived silica membranes
from the initial sol-gel synthesis through to xerogel and membrane production and
characterisation, particularly focusing on the formation of microporous structures which can
be implemented as the selective layer in gas separation applications.
2.2.1 Silica Sol-Gel Synthesis
Silica sol-gel synthesis is the process by which silicon alkoxides react in solution to form a
silica network. This process is governed by the hydrolysis and condensation reactions which
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are described in Equations 2.1-2.3. In this equation set the silicon precursor (≡Si-OR), where
R represents an organic group, reacts with water (hydrolysis) to form silanol (Si-OH) bonds
and an alcohol (Equation 2.1). The silanol can either undergo the reverse reaction,
esterification, or undergo a condensation reaction with either an alkoxy- group (Equation 2.2)
or another silanol group (Equation 2.3) to produce a siloxane (Si-O-Si) bond. A diverse range
of networks can be produced depending on the relative rates of these reactions which can
be controlled through the variation of reagents and operating conditions. Based on these
conditions, the resulting silica network consists of a spectrum of intermediate species
(SiOx(OH)y(OR)z, where x + y + z = 4).
≡Si-OR + H2O ⇌ ≡Si-OH + R-OH (2.1)
≡Si-OR + HO-Si ⇌ ≡Si-O-Si≡ + R-OH (2.2)
≡Si-OH + HO-Si ⇌ ≡Si-O-Si≡ + H2O (2.3)
The chemical structures of the reactants (silicon alkoxide and alcohol) inevitably have an
impact on the silica network formation. Silicon alkoxides play a central role in the sol-gel
reactions, with hydrolysis and condensation reaction rates inversely proportional to an
increasing R length, primarily due to steric [4, 5] and inductive effects [6]. As such, low
molecular weight alkoxides are generally employed in sol-gel synthesis, with the vast
majority of literature focusing on tetramethyl orthosilicate (TMOS) and tetraethyl orthosilicate
(TEOS), whose structures are shown in Figure 2.1. TEOS is conventionally used for the
production of silica membranes.
Figure 2.1: Examples of low molecular weight silicon alkoxide precursors
Although the addition of alcohol isn’t required for the hydrolysis and condensation of silicon
alkoxides, it acts as an homogeniser of the immiscible alkoxide and water reactants [7].
However, since alcohol is not strictly a solvent as it takes part in the sol-gel reactions, it can
play a significant role in the reaction process [1, 8]. Addition of alcohol can also inhibit
hydrolysis reactions due to the dilution of the water and silica reagents [9]. To reduce the
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complexity of the reaction products, matching alkoxide/alcohol combinations are generally
used (e.g. TEOS/ethanol).
2.2.1.1 Reaction catalysis and mechanisms
The hydrolysis and condensation reactions of silicon alkoxides are catalysed by both acids
and bases [10, 11]. Other species have also been shown to catalyse the sol-gel reactions
[4], though these are not normally used due to limited effectiveness and product
contamination. The reaction mechanism for hydrolysis involves the interaction between
either a protonated alkoxide group and neutrally charged water in acidic solutions, or a
neutrally charged alkoxide group and a hydroxide group in basic solutions, as can be seen in
Table 2.1.
Table 2.1: Hydrolysis Reactants for Silica Sol-Gel Synthesis
Hydrolysis Reactants [8, 11, 12]
<pH 7 >pH 7
+
2Si-O R + H O
H
 -HO + Si-OR
Meanwhile, condensation reactions involve interaction between either a neutral silanol or
alkoxide group and a protonated and deprotonated silanol for solutions below and above the
isoelectric point of silica respectively, as can be seen in Table 2.2.
Table 2.2: Condensation Reactants for Silica Sol-Gel Synthesis
Condensation Reactants [4, 8, 11]
<pH 2 >pH 2
Si-OH + H O -Si
H
  -Si-OH + O-Si 
+Si-OR + H O -Si
H
  -Si-OR + O-Si 
Considering this, the catalysis of the sol-gel reactions can be divided into three pH domains;
pH < 2, pH 2-7 and  pH > 7 [8]. This division comprises basic solutions and acidic solutions
below and above the isoelectric point of silica, the pH where silica carries no net electrical
charge. Catalysis occurs through different mechanisms in each of these domains, which can
be implied from Figure 2.2, a plot of the relative reaction rates with respect to the solution
pH. This results in a wide variety of silica structures, which will be outlined in the following
subsections.
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Figure 2.2: The hydrolysis (H), condensation (C) and dissolution (D) rates of silica as a
function of pH [6].
pH < 2
Below a pH of 2, both hydrolysis and condensation are catalysed by a protonated alkoxide
and silanol group respectively (Table 2.1 and 2.2), and reaction rate is proportional to [H+]. In
this region the hydrolysis rate is much greater than the rate of condensation, as is depicted
schematically in Figure 2.2. For solutions where a stoichiometric quantity of water is present,
(H2O to Si(OR)4 ratio [r] > 4), hydrolysis will be complete in the initial stages of the reaction,
before any significant condensation reactions have taken place [13]. At this stage a solution
full of monomers (Si(OH)4) exists, denoted Q0, where the superscript refers to the number of
siloxane bonds (Si-O-Si) the silicon atom participates in. This is illustrated in Figure 2.3a for
a fully hydrolysed silica monomer. Figure 2.3b shows a partially hydrolysed silica molecule
with all other possible silicon centres (Q1 – Q4).
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Figure 2.3: Silicon species within a) fully hydrolysed silicon monomer b) partially hydrolysed
branched silica oligomer. Red boxes identify Q0, Q1, Q2, Q3 and Q4 species (left to right).
After hydrolysis is complete, condensation reactions proceed to form dimers (Q1) and trimers
(Q1, Q2), rapidly depleting the solution of monomers [13]. Monomers cannot be regenerated
by the siloxane hydrolysis reaction (Equation 2.3) due to the extremely low solubility of silica
in this pH range [8] (refer to Figure 2.2). Inductive effects become an important factor in
condensation reactions once dimers and trimers are present in solution. This is illustrated in
Figure 2.4. As silanol groups react to form siloxane bonds, electrons are withdrawn from the
central silicon atom [6]. Extending this, electrons are partially removed from the oxygen atom
in remaining silanol groups, reducing their negative charge. Therefore, silanols associated
with Q1 silicon centres are more likely to be protonated than those attached to Q2 and Q3
centres. As a result, in this pH range condensation reactions predominantly occur between
silanol groups attached to high and low coordinated silica centres (chain centres react with
chain ends). This results in the formation of a weakly branched silica network [1], as depicted
in Figure 2.6a.
a) b)
Q0 Q1 Q2 Q3 Q4
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Figure 2.4: Inductive effects caused by changing substituent groups [6]
For solutions with an under stoichiometric amount of water (r < 4), condensation reactions
take place before complete hydrolysis of the silicon alkoxide precursor. This leads to
competitive condensation reactions between the silanol and alkoxide groups. However, since
the condensation rate involving alkoxide groups is much slower than with silanol groups [14-
16], condensation reactions are effectively inhibited by the presence of the alkoxide groups
[1]. This results in an even more weakly branched network than produced when
stoichiometric quantities of water are present.
A 29Si liquid state NMR spectrum of a silica sol produced with an under stoichiometric,
recorded at different reaction times is shown in Figure 2.5. Figure 2.5a shows the presence
of dimers and trimers (Q1 and Q2 species) before hydrolysis is complete, which is indicated
by the presence of multiple species in the Q0 region of the spectrum. Condensation reactions
proceed over time (Figure 2.5b and c) with the products after 14 days consisting mainly of Q2
and Q3 silicon species. This is an indication of the incomplete condensation reactions which
are inhibited by unhydrolysed alkoxide groups.
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Figure 2.5: 29Si spectra of acid-catalysed TEOS (H2O/Si = 2) after a) 3 hours, b) 3 days, c)
14 days [1].
pH > 7
Above pH 7, hydrolysis reactions occur between an hydroxide ion and an alkoxide group
while condensation reactions occur between a deprotonated silanol group and a neutral
silanol or alkoxide group (Table 2.1 and 2.2) [8, 12]. The concentration of deprotonated
silanol groups is proportional to the hydroxide concentration, thus the reaction rate for both
hydrolysis and condensation is dependent on [OH-]. Although condensation reactions are
catalysed by OH-, the rate reaches a maximum at a neutral pH since a high concentration of
both deprotonated and neutral silanols exist at this point [1, 17]. A pH of 7 marks the
minimum rate of hydrolysis reaction due to the reduced presence of both OH- ions and
protonated alkoxide groups, with the reaction rate increasing proportional to [OH-].
Similar to the low pH regime, for stoichiometric quantities of water, hydrolysis reaches
completion; however this is delayed when pH is around 7 due to the relatively slow rate of
hydrolysis. In contrast to the low pH regime (pH < 2), silicon monomers are available
throughout the reaction, due to an increase in the rate of silica dissolution (Equation 2.3) by
over three orders of magnitude compared to the low pH region [8], as can be seen in Figure
2.2. Depolymerisation, preferentially at the least condensed Q1 sites [8], provides a constant
source of monomers to the sol-gel system, which enables dissolution and redistribution
reactions to occur which allow the formation of an energetically favourable structure [1, 6].
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Similar to the growth mechanism in the low pH regime, condensation occurs between low
and high coordinated silica due to induction effects. This favours the reaction of Q0 and Q1
with Q2 and Q3 silicon centres. Due to the high rate of silica dissolution, dissolution and
redistribution reactions minimise Q1 – Q3 groups, while maximising Q0 and Q4 groups [13,
18]. This results in the formation of compact, highly condensed, smooth silica particles, as
shown in Figure 2.6b.
Figure 2.6: Matrix densification for a) acid catalysed and b) base catalysed silica networks.
Adapted from [19]
When the pH is around 7, or understoichiometric quantities of water are used, hydrolysis is
not complete in the initial stages of reaction [18, 20]. Similar to the low pH region, the
relatively unreactive alkoxide groups are incorporated into the silica network, reducing the
cross linking of the silica. Depending on the number and distribution of the unhydrolysed
groups, structures range from spherical particles to surface and mass fractals [21, 22].
pH 2 – 7
Above the isoelectric point of silica (approximately pH 2), silica holds a negative charge.
Condensation reactions in this region takes place between a neutral and a negatively
charged silanol bond, the rate is thus proportional to [OH-]. However, as the solution is still
acidic within this region, the rate of hydrolysis is proportional to [H+]. Furthermore, the
dissolution of silica (siloxane hydrolysis, Equation 2.3) increases by over three orders of
magnitude between a pH of 2 and 7 [8], as shown in Figure 2.2. The overall reaction
mechanisms within this pH range are thus extremely complex, and as such, widely varying
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silica networks can be developed. Structures vary from highly condensed, spherical particles
at neutral pH and high water content to weakly branched polymeric chains at low pH and low
water content [21].
2.2.2 Silica Matrix Formation through Drying and Calcination Processes
The method used to dry the sol-gel solution can have a marked effect on the overall
structure of the silica network. For instance, the drying of silica sols under supercritical
conditions produces aerogels with high porosities and pore sizes [23], while drying in
subcritical conditions results in the formation of xerogels which have comparatively dense
structures with small pore sizes [19, 24]. The wide disparity between the two structures
arises from the difference in stresses imparted upon the silica network. Supercritical drying
takes place without the formation of a liquid-vapour interface, thus no capillary pressure is
exerted on the structure during the drying process [23, 25]. On the other hand, drying in
subcritical conditions allows the formation of a liquid-vapour interface within the silica
network, with the resultant pressure exerted on the matrix causing structural collapse [19,
24-26]. Controlling this process, along with the tailoring of appropriate silica networks during
sol-gel synthesis, allows for the manipulation of the porosity within the silica structure.
The following sections will overview the subcritical drying and calcination of various sol-gel
derived silica networks, which is a necessary process to form structures with gas separation
capabilities. The mechanisms behind how these structures are formed will be outlined, along
with how the manipulation of material geometries (xerogels vs. thin films) can aid in the
analysis of structural and chemical properties.
2.2.2.1 Xerogel and thin film formation
The geometry involved in the drying of a solution can greatly impact on the properties of sol-
gel derived silica materials. Of particular interest to membrane applications are the
properties of thin films, produced by coating, drying and calcining a sol-gel solution on a
porous support. However, many methods of characterisation are impractical, or simply
cannot be performed on thin films. Xerogels are produced to overcome these difficulties.
This is achieved by drying a bulk sol-gel solution into a silica monolith, which is subsequently
crushed into a powder and calcined.
Brinker et al. [27] studied the relationship between the properties of thin films and xerogels. It
was found that both formations followed similar trends with regards to changes in surface
area, porosity and density with increasing temperature. However, thin films consistently
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exhibited denser structures, with higher bulk densities and lower surface areas per mass.
This can be seen in Figure 2.7. It has been postulated that these differences arise from the
inability of the thin film to contract along the inner surface due to adherence with the support
layer [27]. Therefore, the analyses of xerogel systems are only studied qualitatively when
comparing with the properties of thin films.
Figure 2.7: Comparison of silica a) density and b) surface area for thin films (●) and xerogels
(○) [27]
2.2.2.2 Relationship between sol-gel catalysis and densified silica structures
An overview of the sol-gel process given in Section 2.2 showed that the variation of
synthesis conditions produces a diverse range of silica structures. An acid catalysed method
could produce polymeric structures with a high or low degree of branching depending on the
water content, and a base catalysed method could produce colloidal structures with either
spherical or surface and mass fractal dimensions depending on the water content. A crude
but concise overview of the structures formed by these two methods is displayed in Figure
2.6.
Under the stresses imparted during the drying process, the differences in the
interconnectivity of silica networks result in the formation of distinct structures. For weakly
branched polymeric networks, a high degree of densification occurs due to a low degree of
structural resistance (Figure 2.6a). These structures tend to produce varying degrees of
microporosity. Microporous structures can enable high gas selectivities, as discussed in
Section 2.3. Basic conditions may produce a chain of highly condensed spherical particles
as seen in Figure 2.6b. A much lower degree of densification occurs for these systems due
a) b)
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to the rigidity of each spherical particle, and structures can range depending on the strength
of the particle to particle bonds [19]. Base catalysed networks tend to produce structures
with varying degrees of mesoporosity. Mesoporous structures cannot produce high gas
selectivities as is discussed in Section 2.3.
Calcination of the silica matrix can be divided into three regions as proposed in Figure 2.8a.
Between 25 and 150˚C the structure losses weight with minimal associated shrinkage.
Weight loss in this region is due to the loss of adsorbed water and ethanol remaining from
the sol-gel synthesis as evidenced by the endothermic peak in Figure 2.8b. Solvent
evaporation increases the surface energy inside the pores which causes a small
densification of the structure [1].
Figure 2.8: The thermal densification of microporous silica characterised through a) Linear
shrinkage and weight loss [24] and b) DTA thermal profile [28]
Region 2 (150 - 525˚C) exhibits both weight loss and shrinkage. In this region the
temperature accelerates condensation reactions between two silanol species (Equation 2.3).
This results in the densification of the matrix [24] (refer to Figure 2.9). Weight loss is due to
the evaporation of water produced as a by-product of the condensation reactions [29] and
the combustion of unreacted alkyl groups within the matrix [29, 30], the latter process shown
by an exothermic peak in Figure 2.8b.
Region 3, occurring above 525˚C, shows minimal weight loss and a high level of
densification. Viscous sintering occurs in this region whereby pore walls adhere to each
other to reduce the overall surface energy of the structure [24]. This results in the reduction
of the overall porosity of the matrix, and also reduces the size of the remaining pores. The
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optimisation of the calcination process can fine tune the porosity of silica materials, which
has a large impact on the gas separation performance of the resultant membranes [31].
Figure 2.9: Pore condensation reaction [1]
The loss of silanol bonds throughout the calcination process has been mapped by Duran et
al. [30] and is shown in Figure 2.10. Siloxane bonds exhibit peaks at 800, 1060 and 1200
cm-1 due to the symmetric stretching and asymmetric transverse-optic (TO) and longitudinal-
optic (LO) modes respectively [30, 32]. The peak at 960 cm-1 is produced by the silanol
stretching mode [30]. It can be seen that silanol bonds are reduced with temperature which
is due to the condensation reactions occurring through region 2 of the calcination process as
discussed previously. Furthermore, a shift of the main siloxane peak to higher wave numbers
is evident which suggests added rigidity in the matrix, a consequence of condensation and
viscous sintering [30].
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Figure 2.10: Infrared spectra of silica xerogel at different temperatures [30]
2.3 Transport Mechanisms through Inorganic Membranes
The fundamental property of a membrane is its ability to selectively allow the permeation of
certain species. In the simplest case, the differentiation of these species, or molecules in gas
separation systems, arises from the difference in the level of interaction between individual
molecules and the membrane. This gives rise to the two main characterisation properties of
a membrane; permeation and permselectivity. Permselectivity (S) is defined as the ratio of
the permeance of two gases as shown in Equation 2.4.= (2.4)
where SA/B is the selectivity of gas A over gas B, and P is the permeation of each respective
gas.
The permeation characteristics can be tailored by varying the level, and type of interaction
between the membrane and each permeating molecule. This is often accomplished by
altering the pore size of the membrane. Figure 2.11 shows the dependency of the transport
regimes for hydrogen and carbon dioxide at 500˚C and 65 bar on the membrane pore size.
The pore sizes in which these transport regimes are valid may vary slightly with different
gases under alternate conditions; however they give a good depiction for the conditions that
are applicable to this thesis. Large pore sizes provide minimal resistance to either
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permeating species, which is a definitive characteristic of Poiseuille flow, while pore sizes on
the molecular dimension can greatly influence permeation characteristics, in this case
allowing the permeation of H2 but not CO2. Weakly branched polymeric networks, obtained
through the acid catalysed sol-gel synthesis of silica can produce pores in this region;
however, base catalysed processes produce larger pore sizes, whereby Knudsen diffusion is
the dominant regime.
Of particular note in the distinction of transport regimes is the location of the boundary
between porous and dense membranes. The definition adopted throughout this thesis is that
a porous membrane provides a continuous percolation pathway for the smallest gas within
the study. This means that materials that contain no pores, or contain pores in which all
studied molecules cannot permeate, whether for steric or energetic reasons, are classified
as dense. This review will focus on gas diffusion through porous membranes.
Figure 2.11: Transport regimes at 500˚C and 65 bar for H2 and CO2.
2.3.1 Poiseuille Flow
The Poiseuille or laminar flow regime dictates permeation properties when gas-gas
interactions are dominant over gas-solid interactions. This occurs when the pore diameter of
the membrane is much larger than the average distance between gas-gas collisions, known
as the mean free path.= √ (2.5)
where, λ is the mean free path (m), which is a function of the gas temperature, T (K) and
pressure, p (Pa), the diameter of the gas molecule, dA (m) and Boltzmann’s constant, k (J.K-
1).
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Poiseuille flow has a low resistance to permeation due to the negligible gas-solid interactions
and thus provides no selectivity between gases.
= (2.6)
where, PP is the Poiseuille permeation (mol.s-1.m-2.Pa-1), rp is the pore radius (m), ε is the
porosity (-), τ is the tortuosity (-), η is the gas viscosity (N.s.m-1), R is the ideal gas constant
(J.mol-1.K-1), L is the thickness of the porous layer (m) and pm is the mean pressure of the
system [33, 34]. It should be noted that the permeation in this regime is proportional to the
pressure of the system.
2.3.2 Knudsen Diffusion
The Knudsen diffusion regime occurs in conditions where gas-solid interactions dominate
over gas-gas interactions. This situation exists when the pore diameter is less than the mean
free path of the permeating gas molecule.= (2.7)
where, PKn is the Knudsen permeation (mol.s-1.m-2.Pa-1) and MA is the molecular weight of
molecule A (kg.mol-1). In the Knudsen regime, permeation is based on the inverse square
root of the permeating molecules molecular mass. This gives rise to the Knudsen selectivity
which can be determined by combining equations 2.4 and 2.7:
/ = (2.8)
The Knudsen diffusion regime dominates the transport through mesoporous or super-
microporous materials in gas separations, which incorporates most interlayer materials [35-
37].
2.3.3 Molecular Sieving
The molecular sieving regime takes place when the membrane pore size is between the
kinetic diameter of two of the permeating gases (dA < dp < dB), which generally only occur for
microporous materials. This regime is based on size exclusion, whereby diffusion is
favourable for smaller gases, due to the attractive forces between the pore wall and the gas
molecule dictated by Lennard-Jones interactions, and unfavourable for larger gases, due to
the large energy barrier required for entry into the pore [38]. In the molecular sieving regime,
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permeance of a gas is driven by its chemical potential, described by Fick’s first law of
diffusion,= − ∇ (2.9)
where, JA is the flux of molecule A through the membrane (mol.m-2.s-1), D is the chemical
diffusion coefficient (m2.s-1) and ∇C is the concentration gradient (mol.m-4). For one
dimensional diffusion,= − Δ (2.10)
where, L is the thickness of the dense metal layer. Under the operational conditions for high
temperature gas separation, gas adsorption obeys Henry’s law [39],= (2.11)
where K is Henry’s constant, which equates the solute concentration to its partial pressure
(P). Henry’s constant, K, is temperature dependent and is given by the van’t Hoff relation:= exp (2.12)
where K0 is a temperature independent proportionality constant and Q is the isosteric heat of
adsorption (J.mol-1). In the Henry law regime, diffusion is independent of concentration and
its temperature dependence can be given by the Arrhenius relation:= exp − (2.13)
Where D0 is a temperature independent proportionality constant and EM is the mobility
energy or activation energy for diffusion (J.mol-1). Combining the Equations 2.10, 2.11, 2.12
and 2.13 yields the activated diffusion permeance (Pad) [39]:= − exp (2.14)
where, Ea = Em – q is the apparent energy of activation. The apparent activation energy
increases with temperature for smaller gases and decreases for larger gases, thus
influencing the permeation and increasing the permselectivity with temperature [40].
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2.3.4 Asymmetric Membrane Structure
The configuration of current inorganic membranes utilise an asymmetric membrane structure
as shown in Figure 2.12a. This allows for a thick, highly porous substrate layer to provide
mechanical strength while minimising the resistance to gas flow. Each subsequent
intermediate layer becomes thinner and reduces in pore size. This provides a smooth
surface for the deposition of an extremely thin selective layer, in the order of hundreds of
nanometres, without the formation of defects. Such a thin layer is necessary for high gas
permeation, since pore sizes on the molecular dimension provide a large resistance to mass
transport due to the high level of gas-solid interactions. The hierarchical nature of the
membrane is well illustrated in Figure 2.12 whereby the majority of the porosity is made up
from the substrate, or bulk support layer. The selective layer typically accounts for less than
0.5% of the total porosity of the membrane structure with a typical thickness ranging
between 30 – 500 nm [39, 41, 42].
Figure 2.12: Asymmetric membrane configuration. a) SEM image of membrane cross section
[43] b) representation of the distribution of porosity between membrane layers [44].
2.4 Silica Membrane Performance Analysis
The testing of the gas separation properties of silica membranes is a crucial step in the full
analysis of a new material. As mentioned in section 2.2.2.1, differences in the porosity of
xerogels and thin film membranes arise due to the impact of boundary conditions with the
different drying geometries used [27]. Single gas permeation testing is the predominant
method to characterise membrane performance due to its experimental simplicity. Feed
gases do not need to be mixed and permeation can simply be determined by the flow rate in
a continuous system, or the rate of change of the permeate pressure in a batch configuration
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of known volume. Membrane performance is assessed by determining gas permeation and
permselectivity for the gases of interest (e.g. He, H2, CO2, N2).
The pore size distribution of the membrane can be indirectly measured through the
molecular probing technique; measuring the permeance of multiple gases and plotting
against the kinetic diameter of the gas species. Since it is energetically unfavourable for a
molecule to permeate through a pore that is smaller than its kinetic diameter, the distribution
of pores can be determined. The sensitivity of this distribution, however, is determined by the
difference between the kinetic diameters of the gases tested as shown in Figure 2.13.
Caution must be exercised when using this technique since some gases may have an affinity
with the membrane surface, which may alter the permeation away from values predicted by
conventional molecular sieving theory, as discussed in Section 2.5.
In addition, the different transport regimes accounting for the gaseous permeation can be
obtained based on certain characteristics, which can give more information about the porous
structure of the membrane. For instance, a highly selective membrane with positive and
negative activation energies for gases smaller and larger than the porous distribution is
characteristic of the molecular sieving mechanism. However, if gas permeation increases
with pressure it can be concluded that a small portion of the transport is through Poiseuille
flow, indicating that the membrane has small defects or is not properly sealed.
Figure 2.13: Single gas permeance through a cobalt doped silica membrane [45]
2.5 Metal Doped Silica Materials
Silica membranes have high levels of chemical and thermal stability, making them strong
candidates for high temperature gas separation. However, they still have significant barriers
to overcome before becoming feasible for industrial operation. The main improvements
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required are the enhancement of gas permeation, selectivity and hydro stability at high
temperatures. Research over the past 10 years has focused on the doping of metals and
metal oxides into silica to enhance these material properties.
Cobalt doped microporous silica materials have been studied extensively over the past few
years. Uhlmann et al. showed that the incorporation of 20% cobalt into the silica matrix
reduced the water absorption in the silica [41], while the hydrothermal stability was enhanced
with cobalt oxide, but not with metallic cobalt [46]. This was shown to be due to the ability of
cobalt oxide to prevent the loss of silanol bonds, a key requirement to prevent hydrothermal
decay [47]. Meanwhile, a proof of concept membrane module was developed with cobalt
oxide doped silica membranes with stable performance recorded over 2000 hours of
operation, showing the high thermal stability of these membranes [45].
Modified permeation from transition metal doping in molecular sieving silica was first
reported by Iwamoto et al. [48] where it was shown that an increase in the hydrogen to
helium permselectivity occurred with incremental additions of doped nickel. This is shown in
Figure 2.14a. At a Ni/(Ni+Si) ratio of 0.3 a maximum H2/He permselectivity of 5 was
obtained, greatly in excess of that predicted by a purely molecular sieving regime.
Subsequent studies showed that the nickel nanoparticles within the silica displayed
reversible hydrogen adsorption properties, as seen in Figure 2.14b [49]. It was postulated
that the reversible adsorption occurred at the nickel-silica interface, explaining the decreased
levels measured at higher nickel contents, where particle sizes had greatly increased [49,
50]. Nickel oxide, on the other hand, has shown no improvement in the permselectivity of
hydrogen, though it has increased the hydrothermal stability of silica materials [51].
This is a general trend within the metal/metal oxide doping of silica. Metal oxide
nanoparticles tend to have a high efficacy in improving the hydrothermal stability of the silica
matrix, while showing limited alterations to conventional transport mechanisms as
demonstrated with cobalt, nickel and aluminium oxides [46, 51, 52]. Metal doping on the
other hand tends to show minimal improvements to the hydrothermal stability, though
modification of the permeation characteristics have been achieved for multiple metal dopants
[48-50, 53, 54].
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Figure 2.14: a) Gas permeance at 500˚C through microporous silica membranes with
different nickel loadings [49] and b) the volume of reversibly adsorbed hydrogen (Vr) per
gram of nickel doped silica xerogel at different loadings [49].
Kanezashi et al. [53] conducted the first study into the doping of palladium within
microporous silica. As with the nickel study reported previously, the hydrogen to helium
permselectivity was found with respect to the palladium concentration. This can be seen in
Figure 2.15. An increase in the H2/He permselectivity occurs with a decrease in the He
activation energy of permeation, for low levels of palladium doping (Si/Pd = 7/3), in line with
silica membranes produced by both a variety of methods and doped metals. This result is
consistent with molecular sieving theory. However, as the palladium content is increased, the
H2/He permselectivity increases, indicating a shift from molecular sieving and into solution
diffusion transport.
a) b)
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Figure 2.15: H2/He permeance ratio at 500˚C as a function of the activation energy of He
permeation for Pd-SiO2 and metal-doped silica membranes (pure silica, Ni-, Co-doped)
prepared by the sol-gel and CVD methods [55].
A study into various transition metal/metal oxide silica systems, doped in the sol-gel stage by
metal nitrates, found a tendency for the creation of nanoparticles [45, 50, 53, 56]. These
particles form in the porous matrix of the silica and interact with the silanol and water
molecules as shown in Figure 2.16. However, several studies have investigated the
magnitude of crystallite readings through XRD analysis and found a disparity between the
readings of metal doped silica and physical mixtures of metal and silica of equal
concentration [51, 57]. Metal doped silica samples have shown much less intense readings
which suggest the doped metals may co-exist in several forms. This could be as ionic
metals, such as Co2+, covalently bound metals in the form of silicates, crystalline
nanoparticles that may be detected by XRD, or crystallites that are too small to be detected
by XRD [58, 59].
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Figure 2.16: Schematic representation of the interaction between a metal oxide nanoparticle
and the silica matrix surface [56]
The vast majority of microporous silica literature focuses on the effect that metal and metal
oxide nanoparticles have on the silica matrix, with little investigation into the effects that
other phases have on the silica matrix. In addition, few studies have investigated how
changes in the doped metal phase can influence membrane permeation performance. Such
a situation may manifest in industrial H2 separation, with synthesis gas and air being
reducing and oxidising gases respectively. Miller et al. [60] showed that the permeance of
cobalt doped silica membranes varied drastically depending on the oxidation state of the
cobalt. A large decrease in permselectivity was observed when the initially oxidised
membrane was reduced, though it was shown that this change was reversible upon re-
oxidation. It was found that the size of the cobalt nanoparticles changed with a change in
oxidation state (and phase) of the cobalt which influenced gas permeation since metal
dopants form in the porous structure of silica.
The variation in the phase and size of metal nanoparticles embedded within silica has many
implications for gas separations using metal doped silica membranes. Can microporous
silica membranes retain their structural integrity with repeated expansion/contraction cycles
of the metal nanoparticles? Is it possible to suppress the change in metal phase with
membrane exposure to both reducing and oxidising conditions? Answers to such questions
are desirable for the design of silica materials as they impact on gas permeance and
permselectivity as well as the chemical and physical stability of silica membrane systems.
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2.6 Summary
Silica materials produced through the sol-gel process are well suited to high temperature gas
separation processes due to their high pore tailorability, thermal and chemical stabilities as
well as their ability to homogenously incorporate metal phases into the matrix on the
nanoscale. However, requirements for further improvement to the gas permeance, selectivity
and hydrothermal stability are required before adoption by industry. The incorporation of
metals into silica materials has seen improvements in gas permeance and permselectivity
while metal oxides have improved the hydrothermal stability above levels seen for un-doped
silica materials.
A great majority of the work on metal and metal oxide doped microporous silica focuses on
the formation of nanoparticles and the functionalities they give silica. However, limited
studies have investigated the influence of these metal precursors on the silica structure
during the sol-gel, drying and calcination processes. In addition, limited focus has been put
on the manipulation of nanoparticle size and the stability of membrane systems with
changing nanoparticle phase. On the other hand, given specific metal phases impart specific
functionalities to silica membranes, an investigation into nanoparticle phase stability should
be conducted.
Metals doped within silica materials can incorporate into the silica as a variety of phases
other than metal and metal oxide nanoparticles; for example metal silicates. Metal silicates,
to the author’s knowledge, have not been investigated within the realm of microporous silica
materials. Thus significant scope exists to study their influence on the formation of
microporous silica structures and gas permeation performance.
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3. Nanoscale Assembly of Lanthanum Silica with Dense and Porous Interfacial
Structures
3.1 Overview
The aim of  chapter 3 was to synthesise and characterise  silica xerogels doped with
various lanthanum concentrations to assess how lanthanum affects material porosity.
Lanthanum is known to form lanthanum silicates within membrane synthesis temperatures
(< 630ᵒC), thus this study aims to provide an initial investigation into the suitability of silica
materials with lanthanum silicate formations for gas separation applications.
3.2 Contributions
Chapter 3 has been published in the journal Scientific Reports. The chapter is wholly my
own work with the exception of the contributions of Prof. Joe da Costa, Dr Simon Smart,
Dr Christopher Miller and Dr Julius Motuzas in an advisory capacity.
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4. Redox effect on binary lanthanum cobalt silica membranes with enhanced
silicate formation
4.1 Overview
Based on the results of chapter 3, it was found that silica materials with low lanthanum
loadings were suitable for gas separation applications. Also, previous literature has shown
the creation of high performance gas separation membranes with cobalt as a dopant,
affording membranes various functionalities based on its chemical state. Thus, the aim of
chapter 4 was to investigate the interaction between lanthanum and cobalt in binary doped
silica materials and to test their performance when synthesised as a membrane. This
study will enable the performance of metal silicates in gas separation membranes to be
analysed for the first time and will also provide insight into how different cobalt phases
affect membrane permeation.
4.2 Contributions
Chapter 4 has been submitted to the Journal of Membrane Science. The chapter is wholly
my own work with the exception of the contributions of Prof. Joe da Costa, Dr Simon
Smart and Dr Julius Motuzas in an advisory capacity.
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4.3 Abstract
This work investigates the characterisation and performance of binary lanthanum cobalt
doped silica membranes. The prepared membranes resulted in temperature dependent gas
transport, a characteristic of molecular sieving membranes. Under reduction and oxidation
cycles at 500˚C, the maximum steady state permeance of the membranes reached 1.5x10-7
mol m2 s Pa at 500˚C. It was found that the membranes contained both cobalt oxide and
lanthanum silicate phases embedded in the silica matrix. The permeance of all tested gases
under redox cycling decreased during the 350h permeation test, though permeance
reduction was enhanced for the larger gas molecules (CO2 and N2). As a result, He/CO2
permselectivity increased from ~80 at the initial tests to 196 during the redox cycling test, an
improvement of 145%. This indicates that the pore sizes ≥ 2.89 Å (i.e. the kinetic diameter of
H2) preferentially collapsed/closed instead of the smaller pores available for the permeation
of the smaller gas He (dk=2.6 Å). These results are contrary to other silica and metal doped
silica membranes which undergo thermal densification and closure of the smaller pore sizes.
Therefore, the formation of lanthanum silicates conferred superior structural stability in the
silica matrix.
Keywords: silica membranes; cobalt oxide; lanthanum silicate; gas separation; redox
4.4 Introduction
Inorganic membranes have long showed potential for high temperature industrial
applications due to their high thermal and chemical stabilities. The production of microporous
thin films derived from silica precursors in the early 1990’s [1-3] enabled the development of
gas selective membranes which achieve separation through a size selective, molecular
sieving transport regime [4-7]. The highly versatile sol-gel synthesis of silica precursors,
particularly tetraethyl orthosilicate (TEOS), is at the core of the processing of these
materials. For instance, reacting TEOS in an acid catalysed solution containing a solvent and
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sub-stoichiometric quantity of water favours the growth of polymeric silica chains with
minimal side branches [8, 9]. Consequently, during solvent evaporation (i.e. water and
ethanol), the polymeric chains pack densely, which results in the formation of micropores
when calcined at high temperatures [10].
Over the past decade, research has primarily focused on the incorporation of single metal
nanoparticles into the silica matrix to enhance properties such as the hydrothermal stability
and gas permeance [11-14]. The most promising single metal dopant is cobalt oxide, whilst
nickel oxide [15] and niobia [16] have also been demonstrate to confer membranes with
molecular sieving properties. Of particular attention, cobalt oxide silica membranes were
successfully tested in a large multi-tube module for 2000 hours operation and delivering very
high permselectivities up to 1000 (He/N2) [17]. An added benefit of embedding metal oxide
particles into silica membranes is directly related to extra functionalities otherwise not
available in pure silica membranes. For instance, the phase of the metal nanoparticles has
been shown to affect the performance of silica membranes as the oxidised phase promotes
hydrothermal stability [18, 19], while the metallic phase promotes the selective adsorption
and permeation of hydrogen [20].
Recently, further functionalities have been reported by integrating binary metal nanoparticles
into silica membranes. This concept was pioneered by Ballinger and co-workers [21] who
provided a proof-of-concept of tailored molecular gaps in cobalt palladium silica membranes.
It was shown that palladium was selectively reduced to its metallic phase when the
membrane was exposed to hydrogen at 500˚C, while cobalt remained in its oxidised state.
The molecular gap was a direct consequence of the palladium reduction, resulting in a
membrane with different separation properties as compared to the fully oxidized membrane.
In a separate study, Darmawan et al. [22] incorporated iron and cobalt in silica and reported
that the Fe/Co ratio altered the chemical structure of the resultant silica functional groups. It
was interesting to note that Fe/Co ratio of 0.1 provided the best permeance and
permselectivities indicating that the molecular sieving structures can be adjusted by varying
the metal ratios.
Whilst there is a very limited number of binary metal silica membrane studies, there is a
large array of transition metal binary compositions for consideration. These initial studies are
open a window of research opportunities to exploit different functionalities related to metal
silica, nanoparticle phase and size, pore size distribution among many other important
factors in membrane preparation and performance testing. Furthermore, by investigating the
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different reduction potentials of metal species, the uncoupling of reducing gas/metallic and
oxidising gas/metal oxide nanoparticle phase formation can be overcome. To address these
points, this study investigates the use of a lanthanide metal (lanthanum) as one of the
components of the binary metal oxide, whilst a transition metal (cobalt) is the other
component. The key idea to be explored here is the propensity of lanthanum to form silicates
[23], an unexplored area in terms of the interactions between metal silicates and transition
metal nanoparticles within microporous silica materials and membranes. Furthermore, the
separation properties of silica membranes with metal silicate formations will be investigated
for the first time.
4.5 Experimental
4.5.1 Xerogel preparation and characterisation
The lanthanum cobalt doped silica (LaxCo15-xSi) materials were synthesised through the acid
catalysed sol-gel processing of tetraethyl orthosilicate (TEOS). Initially lanthanum nitrate
hexahydrate and cobalt nitrate hexahydrate were dissolved in hydrogen peroxide. Water and
ethanol were then added to the solution, which was subsequently cooled to 0˚C in an ice
bath. Finally TEOS was added dropwise and the solution was stirred for 3 hours. The final
molar ratio of the reagents was 1 TEOS: x/100 La(NO3)3: (15-x)/100 Co(NO3)2: 10.4 H2O: 2.5
H2O2: 64 EtOH, with x varied between 0 and 15.
The sol was dried at 60˚C for 7 days under atmospheric conditions. The resultant monoliths
were crushed via mortar and pestle and calcined at 630˚C for 2.5 hours at a 1˚C min-1
ramping rate under ambient air pressure. LaCoSi xerogels were reduced by exposure to 60
mL min-1 of hydrogen flowing through a furnace. Re-oxidation was performed by exposure
under ambient air pressure. Calcination conditions for reduction and re-oxidation were the
same as in the first incidence, except with a maximum calcination temperature of 500˚C to
avoid densification of the porous network.
The porous structure of the xerogels were analysed using a Micromeritics Tristar3020 N2
adsorption apparatus. Samples were degassed in a Micromeritics VacPrep061 under a
vacuum of 2 Pa for 12 hours. Fourier transform infrared – attenuated total reflectance (FTIR-
ATR) characterisation was performed with a Shimadzu IRAffinity-1 with a PIKE MIRacle
single-bounce diamond crystal place accessory. FTIR spectra were recorded between the
wavenumber ranges of 700-1300 cm-1. X-ray photoelectron spectroscopy (XPS) was
conducted after xerogel powders were re-crushed to minimise any contaminant formed on
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the surface layer. A Kratos Axis ULTRA X-ray Photoelectron Spectrometer incorporating a
165mm hemispherical electron energy analyser was implemented to acquire the data.  An Al
Kα (1486.6eV) monochromatic x-ray source was used at a 90˚ takeoff angle with 0.05 eV
step size to obtain XP spectra. Charge compensation was performed by setting the
adventitious C1s peak to a binding energy of 284.6eV. Peak deconvolution of the high-
resolution data was carried out using CasaXPS software with a Shirley baseline.
4.5.2 Membrane preparation, testing and characterisation
Lanthanum cobalt silica membranes were synthesized on top of an alpha-alumina support
with gamma alumina interlayers purchased from the Energy Research Centre of the
Netherlands. Thin films were prepared by dip coating the alumina support in the reacted
lanthanum cobalt silica sol. The support was held in solution for 1 minute to ensure sufficient
soaking into the pores and extracted at a rate of 10 cm min-1. The membrane was then
calcined in an air environment. This process was repeated 4 times for each layer to ensure a
defect free layer was produced.
Single gas permeation testing was performed using a custom made permeation rig
schematically shown in Figure 4.1. The temperature of the furnace was controlled with an
external PID temperature controller while the pressure in the retentate stream was monitored
with a pressure gauge. The permeate stream was kept at atmospheric pressure and its flow
rate was measured through a bubble flow meter. Valves 1-4 control the gas pressure
throughout the system. For gas permeance testing, valve 5 was opened to allow gas into the
system, and valve 6 was closed to keep a constant pressure on the retentate side of the
membrane. Permeation testing was carried out between 100 and 500˚C with a ramping rate
of 4˚C min-1. Throughout testing, repeated reduction and oxidation experiments were
performed. Membrane reduction occurred by exposing the membrane to hydrogen at 500˚C
for a minimum of 10 hours, or until permeation reached a steady state. Similarly, oxidation
was performed by exposing the membrane to compressed air until equilibrium was reached,
using the same criterion as for the membrane reduction.
The silica thin film layer thickness was measured by XPS depth profiling. The depth profiling
was performed with a differentially pumped Kratos minibeam III ion gun using 4 keV argon
ions at an ion source extractor current of 750 nA and data collected every 1 eV. The order of
sputter rates for silicon was in the region of 2.9 nm min-1. The analysed surface area of 0.5
mm x 0.3 mm was centred in a sputter area of 2 mm x 2 mm. XP spectra were analysed over
the binding energy range 1000-0 eV after each 5 min etch cycle.
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Figure 4.1 Membrane permeation rig arrangement.
4.6 Results
N2 adsorption isotherms for lanthanum doped and cobalt doped silica xerogels are displayed
in Figure 4.2a. It can be seen that all xerogels exhibit a type I isotherm, characteristic of
microporous materials. Cobalt silica xerogels (i.e. La0Co15 to La0Co5) demonstrate higher
levels of porosity than lanthanum silica xerogels (i.e. La5Co0 to La15Co0) across all
concentrations. Figure 4.2b shows similar trends for the bimetallic xerogels with a loss in
microporous volume with an increase in lanthanum concentration. The loss in microporosity
per mass of xerogel has previously been attributed to both the addition of non-porous metal
dopants and the reaction between microporous silica and lanthanum oxide which forms a
dense lanthanum silicate [23]. This reaction typically occurs at temperatures above 200˚C for
lanthanum [23] and above 850˚C for cobalt [24].
Figure 4.2: N2 adsorption isotherms for a) cobalt and lanthanum, single metal xerogels and
b) bimetallic xerogels at constant metal concentration calcined at 630˚C.
Figure 4.3 displays the infrared spectra for lanthanum, cobalt and lanthanum cobalt xerogels.
Peaks in the spectra located at 800 and 1080, and the shoulder at 1220 cm-1 are attributed
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to siloxane (Si-O-Si) bonds [25, 26]. Shoulders in the spectra appear at 960 cm-1 [25], due to
silanol species and 950 cm-1, due to the SiO44- ion, a constituent of lanthanum silicates [27-
29]. It can be seen in Figure 4.3a that as the concentration of lanthanum in the LaCo
xerogels is decreased there is a significant enhancement in the silicate peak at 950 cm-1,
relative to the purely lanthanum doped xerogels. This result is unexpected and
counterintuitive since SiO44 formation is directly proportional to lanthanum concentration
(Figure 4.4a) and the phase is not formed in any purely cobalt doped silica xerogels (Figure
4.3f). This peculiarity is highlighted in Figure 4.3d which shows that the total amount of
silicate is essentially constant for all lanthanum concentrations at a constant metal loading.
Figure 4.3: Infrared spectra for lanthanum, cobalt and lanthanum cobalt xerogels. Figures a)
– c) show both binary doped and lanthanum doped xerogels of the same lanthanum
concentration. Figure d) shows spectra for binary doped xerogels with various
concentrations, while e) and f) display lanthanum and cobalt doped xerogels respectively.
Figure 4.3e exhibits the spectra of lanthanum xerogels of varying lanthanum concentration. It
can be seen that the amount of silicate is enhanced with lanthanum concentration. Finally, it
can be confirmed from Figure 4.3f that a negligible contribution to the silicate peak of the
lanthanum cobalt xerogels are made by a variation in silanol bonds (located at 960 cm-1) as
a function of cobalt concentration. This data strongly suggests that cobalt is playing an
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integral part in the enhancement of the lanthanum silicate phase. The interaction between
both lanthanum and cobalt aligns with work investigating the bimetallic doping of cobalt and
palladium in microporous materials [21]. The interaction of metal species, regardless of their
interaction with the silica matrix, is testament to the high dispersibility of species in sol-gel
processing [30]. Furthermore, this finding seemingly allows for limitless combinations of
potential metal dopants whereby bimetallic or possibly higher order metallic composites are
formed.
Peak deconvolution of the FTIR spectra was performed to quantify the relationships between
lanthanum silicate formation, lanthanum concentration and porous volume of the La and
LaCo silica xerogels. Figure 4.4a displays the ratio of deconvoluted lanthanum silicate (950
cm-1) and siloxane (1080 cm-1) peak areas. It can be seen that silicate formation in the
lanthanum xerogels increases linearly with concentration. On the other hand, lanthanum
silicate formation is significantly enhanced for the La5Co10 xerogel (>50%) but this
enhancement tapers off with lanthanum concentration. This corresponds directly to the
trends seen in Figure 4.3a – Figure 4.3e. Figure 4.4b shows that there is a direct correlation
between lanthanum silicate formation and microporous volume in the xerogels. This result
explains the trends observed in the N2 adsorption data from this and other studies [23].
Figure 4.4: FTIR deconvolution of a) lanthanum silicate to siloxane peak area ratio vs.
lanthanum concentration and b) xerogel microporous volume vs. of lanthanum silicate to
siloxane peak area ratio.
Thin films were prepared on alumina supports with the La5Co10 material to investigate the
influence of the cobalt and lanthanum silicate interaction on the gas permeation performance
of silica membranes. This material composition was chosen as it provides the maximum
55
enhancement of the silicate phase out of all the bimetallic compositions trialled and should
thus enhance any deviations that may arise from typical gas permeation behaviour. XPS
depth profiling, displayed in Figure 4.5, was used to analyse the film thickness and relative
concentrations of the dopant species. The concentration of silicon is homogenous for the top
150 nm of the membrane as can be seen in Figure 4.5a. Thereafter, aluminium (from the
alumina interlayer) concentration increases steadily at the expense of silicon. This is gradual
due to the infiltration of the silica sol into the pores of the interlayer. The concentrations of
silicon and aluminium intersect at approximately 170 nm, a point conventionally used to
determine the interface between the top and interlayers.
Figure 4.5: XPS a) Sputter profile through the La5Co10 membrane and b) spectra at 14.5 nm
(+ 105 cps) and 261 nm
The initial permeation results for the La5Co10 membrane were recorded between 100 and
500˚C as shown in Figure 4.6. All gases tested exhibit temperature activated permeance,
with He and H2 displaying positive, and CO2 and N2 displaying negative temperature
activation. The apparent activation energies of the gases calculated using an Arrhenius
relationship relation of the natural log of permeance over the inverse of temperature were
7.9, 6.9, -3.3, -8.6 kJ mol-1 for He, H2, N2 and CO2 respectively. In addition, it can be seen
that the level of gas permeation is dictated by the kinetic diameter, with the permeance of He
(2.6 Å) > H2 (2.95 Å) > CO2 (3.3 Å) > N2 (3.6 Å). These results indicate that gas permeation
is controlled by the molecular sieving regime, with the majority of the membrane porosity
showing an average pore size of 3 Å. These results are consistent with molecular sieve silica
membranes published elsewhere [6, 13, 14].
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Figure 4.6: Initial single gas permeance of the La5Co10 membrane between 100˚C and
500˚C.
Subsequently, the La5Co10 membrane were exposed to several reduction and oxidation
cycling for a period of two weeks (~350 hours) and permeation results at 500˚C are
displayed in Figure 4.7. Initial testing of the membrane resulted in high gas permeances with
helium recorded at 2.81x10-7 mol.m-2.s-1.Pa-1 at a He/N2 permselectivity of 95. Over the
duration of the testing, gas permeances all decreased, with helium, nitrogen and carbon
dioxide stabilising after 6 days (3rd oxidation cycle) and hydrogen after 14 days (final
reduction). Nitrogen and carbon dioxide experienced a greater loss in permeance with time
than helium which resulted in higher permselectivities, with maximum He/N2 and He/CO2
recorded at 147 and 196 respectively. This is the highest permselectivity recorded for silica
membranes mixed with two metals, with previous studies achieving He/CO2 values of 130
and 40 for iron cobalt and palladium cobalt dopants respectfully [21, 22]. Of particular
interest is the significant increase of 145% in He/CO2, from ~80 to 196 during the redox
cycles at 500⁰C. This indicates that the La5Co10 dopant composition achieves superior pore
size tailorability than the previous reported studies on binary transition metal doped silica
membranes.
Oxidation/reduction cycling made small but significant variations to the permeation of
nitrogen and carbon dioxide, though the variation recorded for helium was within
experimental error. This is in contrast to both cobalt doped and palladium cobalt co-doped
0 100 200 300 400 500 600
Permeance
(mol.m-2.s-
1.Pa-1)
Temperature (˚C)
He
H2
CO2
N2
1x10-9
1x10-8
1x10-7
1x10-6
0 100 200 300 400 500 600Permeance(mol.m-2.s-
1.Pa-1) Te perature (˚C)
He
CO2
N2
Per
me
anc
e (m
ol.m
-2 .s
-1 .P
a-1 )
2
2
2
2
2Per
me
anc
e (m
ol m
-2
s-1
Pa-
1 )
57
silica membranes which exhibit large changes in the permeances of helium, nitrogen and
carbon dioxide in their oxidised and reduced states [12, 21]. It is proposed that the difference
in permeance behaviours between these membranes is based on two factors. Firstly, the
fraction of cobalt incorporated into silica in this study (Co/Si = 0.1) is less than that in the
preceding studies (Co/Si = 0.25 [12], 0.16 [21]). This means that a smaller amount of cobalt
is available to change phase resulting in smaller changes in the gas permeance during redox
cycling. Secondly, the presence of the lanthanum dopant in this study creates lanthanum
silicate which does not change phase when cycled through oxidising and reducing
conditions. In fact, the addition of cobalt enhances the formation of the silicate phase. This
indicates that a portion of the cobalt dopant is incorporated into the silicate phase and is thus
unable to be oxidised or reduced.
Figure 4.7: La5Co10 membrane permeation throughout redox cycling at 500˚C for 350 hours.
A high resolution XPS analysis of the Co 2p3/2 region in the Co10 and La5Co10 xerogels in
their as-prepared, reduced and re-oxidised states was performed to investigate the influence
of the lanthanum dopant on the cobalt phase. This is shown in Figure 4.8. Deconvolution of
the spectra reveals three main peaks at 779.7, 781.5 and 783 eV, with the former attributed
to Co(III) and the latter two to the Co(II) oxidation states [31]. The Co(0) oxidation state,
corresponding to metallic cobalt is present at 776.6 eV while the two peaks at higher binding
energies (785, 788.1 eV) are shakeup satellites which originate from the multiple electron
excitation states of the Co(II) species [32]. A reduction in the Co(II) and Co(III) intensities can
be observed for the reduced sample in the Co10 series along with a corresponding increase
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in the Co(0) intensity. This indicates that a fraction of the embedded cobalt is reducible in the
Co10 xerogel. Upon re-oxidation of the xerogel the Co(0) peak diminishes which suggests
that the reduction/oxidation process is reversible. A negligible quantity of metallic cobalt is
detected in the La5Co10 series which suggests that the cobalt exists in a non-reducible phase
in this material.
Figure 4.8: Deconvoluted, high resolution XPS spectra of the Co 2p3/2 region for a) Co10 and
b) La5Co10 xerogels in their as-prepared, reduced (R) and re-oxidised (RO) states.
Analysis of the peak areas in the deconvoluted XPS spectra reveals a difference in the
behaviour of the cobalt phase in the Co10 and La5Co10 xerogel series during reduction and
oxidation. This is shown in Figure 4.9. Firstly, it can be seen that the Co10 xerogels contain a
significantly larger portion of cobalt in its Co(III) oxidation state than the La5Co10 xerogels.
The Co(III) oxidation state is indicative of the presence of Co3O4, an easily reducible phase
of cobalt [12]. This finding corresponds with the FTIR data (Figure 4.4a) where the silicate
peak is enhanced with the addition of cobalt. This suggests that the presence of lanthanum
prevents the formation of Co3O4, with a fraction of the cobalt integrating into the silicate
phase. Upon reduction of the Co10 xerogel, a proportion of cobalt that exists as Co(III) is
reduced (to Co(0)) but is recovered upon re-oxidation. It can be seen in Figure 4.8a that this
is due to the formation and disappearance of metallic cobalt. The La5Co10 xerogel series
sees no change in the fraction of Co(III) phase upon reduction. A small increase in Co(III) is
seen upon re-oxidation though this is within error.
59
Figure 4.9: Percentage of cobalt in Co(III) phase as determined from the deconvolution of
XPS spectra
The XPS and FTIR analyses correspond well with the gas permeance data collected for the
La5Co10 membrane over the course of the reduction/oxidation cycling. It is interesting to
observe that the initial 6 days of gas permeation testing at 500˚C saw a 45%, 65% and 75%
drop in permeance for He, N2 and CO2 (Figure 4.7). These reductions were much less than
that recorded in studies with cobalt and palladium cobalt doped silica membranes [12, 21].
As a consequence, there is an increase in gas separation, with the He/CO2 permselectivity
increasing from 80 to 196 over this period. This result is counter-intuitive and has not been
reported before for microporous derived silica membranes. It is generally the case that
permselecitivity is maintained or reduced as a function of time. Therefore, these results
indicate a significant re-arrangement of the chemical structure of silica with the co-doping of
cobalt and lanthanum.
The reduction in gas permeation over the initial six days of testing at 500˚C suggests that the
membrane undergoes thermal structural re-arrangement whereby a fraction of the porosity
collapsed. The interesting point here is that the largest drop in permeation was for the gases
with the largest kinetic diameter (N2 and CO2). This can be clearly seen in Figure 4.7, which
shows that the permeation gap between the smaller (He) and the larger molecules (N2 and
CO2) increased, and likewise the gas permselectivity of He/CO2. By the same token, the
H2/CO2 permselectivity was almost constant and variations were within experimental error.
These results are unexpected as larger pore sizes are preferentially closing or reducing in
size instead of the smaller pore sizes available for He permeation. Typically the smaller
pores within the silica matrix tend to collapse prior to the larger pores during thermal
treatment. This has been shown through the permeation testing of non-doped and transition
metal doped silica membranes [17, 33].
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Contrary to these trends, the presence of a lanthanum silicate phase in the La5Co10
membrane suggests that the larger pores are collapsing and closing, instead of the expected
smaller pores. In fact, a direct correlation between the formation of a lanthanum silicate
phase and the microporous volume of the material is apparent in Figure 4.4b. Given the
intimacy between the lanthanum silicate phase and micropore volume coupled with the 350
hours gas permeation test at 500˚C, it seems likely that the lanthanum silicate plays a role in
preventing the thermal degradation of pores below the kinetic diameter of H2 (2.89 Å). This
novel feature conferred by lanthanum silicates has not been previously reported for any
transition metal/metal oxide doped silica materials. These unique results strongly suggest
that the formation of lanthanum silicate enhances the stability of the molecular sieving
micropores in silica derived membranes.
4.7 Conclusions
High quality lanthanum cobalt silica membranes (La5Co10) were prepared in this study. A
maximum steady-state helium permeance of 1.5x10-7 mol/m2.s.Pa was recorded while the
He/CO2 permselectivity of 196 is the highest achieved for all bimetallic doped silica
membranes to date. The embedding of both lanthanum and cobalt into silica enhanced the
formation of silicates by 50% above that achieved by lanthanum doping alone. It was found
that this had a significant impact on the speciation of cobalt, with a smaller proportion of the
Co(III) state detected in the La5Co10 versus the Co10 material. This meant that there was a
smaller fraction of easily reducible cobalt in the La5Co10 material. The He/CO2
permselectivity increased by 145% over the initial 6 days (~350h) of testing under reduction
and oxidation cycles, from 80 to 196. This unexpected outcome was attributed to the
collapse/closure of larger pore sizes associated with the permeation of the gases with larger
kinetic diameters above 2.89Å (H2, CO2 and N2), whilst this effect was less pronounced for
the pore sizes below 2.89Å for the permeation of the smaller gases (He and H2). Structural
thermal degradation of pure silica and/or metal oxide silica membranes is associated with
collapse/closure of the smaller pores. Contrary to this trend, this work shows that the
La5Co10 oxide silica membranes containing lanthanum silicates preferentially reduced the
larger pores instead, thus conferring enhanced gas separation properties under redox
cycling.
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5. Palladium Cobalt Binary Doping of Molecular Sieving Silica Membranes
5.1 Overview
Cobalt oxide doped silica has been reported to be more stable than metallic cobalt doped
silica with exposure to steam at high temperature. Further, it has been previously shown
that significant interaction occurs between metal dopants in binary doped silica materials,
with the cobalt phase stabilised under reducing conditions. Thus, the aim of chapter 5 is to
investigate the stabilisation of the cobalt oxide phase in silica membranes by co-doping
with palladium; the higher reduction potential of palladium is hypothesised to be
preferentially reduced.
5.2 Contributions
Chapter 5 has been published in the Journal of Membrane Science. The chapter is wholly
my own work with the exception of the contributions of Prof. Joe da Costa, Dr Simon
Smart and Dr Julius Motuzas in an advisory capacity.
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6. Oxidation-reduction cycling of molecular sieving palladium doped silica
membranes
6.1 Overview
The doping of silica with transition metals and metal oxides has been widely studied due to
the functionalities they afford to silica materials. However within this body of literature few
studies have investigated the influence of calcination environment on the morphology of
metal nanoparticles, and how this may impact on gas separation through molecular sieving
pores. Thus, the aim of chapter 6 is to investigate the influence of calcinations in air
(oxidising) and hydrogen (reducing) environments on the morphology of palladium
nanoparticles. Further, the gas separation performance of palladium silica membranes
prepared under reducing conditions and cycled through redox conditions are assessed. This
is to determine the stability of gas permeation with changing nanoparticle phase, a test
only carried out on membranes initially prepared in oxidising conditions.
6.2 Contributions
Chapter 6 is wholly my own work with the exception of the contributions of Prof. Joe da
Costa, Dr Simon Smart and Dr Julius Motuzas in an advisory capacity.
6.3 Abstract
This work shows for the first time that silica membrane gas permeation is unstable to an
increase in the size of doped nanoparticles if no porosity exists to accommodate their
expansion. Initially palladium silica xerogels (Pd/Si = 0.06) were synthesized and monitored
by XRD and TEM throughout calcination in both air and H2. It was found that the PdCl2
precursor oxidised to PdO between 400 and 630˚C in air while it was reduced within seconds
to Pd at room temperature in H2. The difference in the rate and the temperature at which the
PdCl2 phase change occurred dramatically impacted on the nanoparticle size. Palladium
nanoparticles synthesized in air were approximately 45nm while those synthesized in H2
were 9nm on average. The palladium silica membrane, calcined in H2, exhibited a He
permeance of 2.1x10-6 mol m-2 s-1 Pa-1, whilst the best He/N2 permselectivities of 29 were
observed. Oxidation of the palladium silica membrane resulted in the increased permeances
of all gases tested, with the larger CO2 and N2 species showing the greatest increase. This
resulted in the lower He/N2 permselectivity of 6 for the oxidised membrane. The re-reduction
of the membrane showed no change to the gas permeance, indicating that the decrease in
membrane performance was irreversible. This was attributed to the formation of cracks in the
silica network during the oxidation cycle due to the expansion of the palladium nanoparticles.
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6.4 Introduction
Silica membranes have long shown potential for use in high temperature gas separation
applications due to their relatively high gas flux, selectivity and chemical and thermal stability
[1]. The processing of silica thin films through sol-gel synthesis, and subsequent dip coating
on asymmetric supports provides a simple and versatile route to manufacture membranes for
a wide variety of gas separations. For example, the reaction of tetraethyl orthosilicate
(TEOS) with sub-stoichiometric quantities of water in acidic conditions facilitates the
production of linear silica polymers with minimal side branches [2, 3]. After dip coating and
subsequent calcination this results in a microporous material with pores of approximately
0.3nm [4, 5]. Silica membranes produced via this method display molecular sieving gas
transport, with H2 permeances recorded in excess of 1x10-6 mol m-2 s-1 Pa-1 and H2/CO2 gas
permselectivities greater than 1000 [6-8].
Further gains in gas permselectivity and hydrothermal stability, a widely documented issue of
silica materials, have been achieved by doping silica with transition metals and metal oxides
respectively [9-19]. However, only a handful of studies have focused on the chemical stability
of these metal dopants, and the stability of membrane permeance, with exposure to trace
contaminants and various chemical environments. An investigation conducted by Uhlmann et
al. [20] found that exposure of cobalt doped silica membranes to 50ppm of H2S did not
change the chemical phase of the dopant and did not affect membrane performance. This
was attributed to narrow pore sizes around the cobalt particles preventing contact with the
H2S. However, it has been seen that cobalt, along with other metal dopants can be reduced
and oxidised by H2 and air respectively. Few studies have investigated the stability of
membrane performance with exposure to these common industrial gases.
Studies to date indicate that the oxidation and reduction of metal oxide nanoparticles doped
within silica membranes is a reversible process which has a marked influence on gas
permeation [21, 22]. Miller et al. [21] manufactured a cobalt doped silica membrane derived
from ethoxy polysiloxane (ES40), a partially condensed TEOS precursor. Reduction and
oxidation cycling was performed which resulted in the respective increase and decrease in
gas permeance which was stable over multiple cycles. It was established that the variation in
gas permeation originated from a change in the phase of the cobalt species. An increase in
nanoparticle size upon reduction of Co3O4 to Co(OH)2 resulted in the opening of molecular
sieving pores which allowed for enhanced gas permeation, with the opposite process
occurring for the oxidation reaction. Such permeation mechanisms have not been observed
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in TEOS derived membranes since membranes have been exclusively prepared in oxidising
conditions and a decrease in nanoparticle size is generally observed under reducing
environments [23].
Given the absence of metal doped silica membranes synthesised under reducing conditions
in the literature, this work investigates how the morphology of palladium nanoparticles varies
when initially calcined in an oxidising (air) and reducing (hydrogen) environment. Palladium
is an ideal candidate for this study since the nanoparticle can be easily converted between
its oxidised and reduced states when incorporated in silica membranes [22]. Finally, an
investigation into the separation properties of palladium doped silica membranes initially
calcined in hydrogen is undertaken, with a focus on how gas permeance and permselectivity
responds to oxidation and reduction cycling.
6.5 Experimental
Palladium doped silica materials were synthesised via the acid catalysed sol-gel processing
of tetraethyl orthosilicate (TEOS). Initially palladium chloride was dissolved in a solution of
concentrated hydrochloric acid. The solution was then diluted with ethanol and cooled to 0˚C
in an ice bath. Finally TEOS was added drop wise and the solution was stirred for 3h. The
final molar ratio of all reagents was 4.0 TEOS : 0.24 PdCl2 : 41.5H2O : 11 HCl : 256 EtOH.
6.5.1 Xerogel preparation and characterisation
Xerogels were produced by drying the reacted sol in an oven at 60˚C for 10 days. The
resultant monoliths were then crushed by mortar and pestle to produce a xerogel powder.
The xerogels were subsequently calcined at 630˚C for 2.5 hours with a ramping rate of 1˚C
min-1 from room temperature. For the oxidised series (PdOSi) samples were calcined in air
and for the reduced series (PdSi) samples were calcined in pure hydrogen under a flow rate
of 60 mL min-1. To test the effects of oxidation and reduction cycling on the palladium silica
materials subsequent calcinations were performed at 500˚C with a holding time of 12 hours
and ramping rates and chemical environments consistent with those previously mentioned.
The reduced xerogels were conditioned with one oxidation/reduction cycle and are denoted
PdSi(O) and PdSi(OR) for the oxidised and re-reduced samples respectively.
The phases of the palladium species were detected by X-ray diffraction (XRD) which was
conducted using a Bruker D8 Advance with a graphite monochromator using Cu Kα
radiation. The tested range of 2θ was from 30˚ to 90˚. High resolution transmission electron
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microscopy (HR-TEM) was utilised to determine the nanoparticle size of the palladium
species and to confirm their phase. Xerogel samples were prepared by finely crushing
calcined xerogel powders, suspending them in ethanol and coating them on a carbon grid.
Measurements were conducted using a JEOL-JEM 2100 transmission electron microscope
operating at 200 keV.
6.5.2 Membrane preparation, characterization and testing
Membrane supports consisting of α-alumina substrates with γ-alumina interlayers were
purchased from the Energy Research Centre of the Netherlands, with the outermost γ-
alumina interlayer having a pore size distribution centering around 50 nm. The supports were
cut to approximately 8 cm in length before they were dip coated into the palladium silica sol.
The internals of the tube were plugged to prevent sol infiltrating through the porous substrate
and interlayers. The dip coating took place in a laminar flow cabinet with a class ISO 5
particulate filter to minimise the chance of defects in the film caused by airborne particles.
The calcination methodology for the production of the PdSi membrane was identical to that
of the xerogels. The dip coating/calcination process was repeated 4 times to ensure a defect
free membrane was produced.
Single gas permeation testing was carried out using a custom gas permeation rig as
described elsewhere [22] (see Chapter 5). The membrane was sealed using graphite
ferrules, the sealing procedure having previously been described by Yacou et al. [29].
Experiments were conducted between 100˚C and 500˚C. Gas permeation was deemed to be
at equilibrium if no change was recorded over a 15 minute period. The oxidation and
reduction of the membrane was achieved by filling the module with air and hydrogen
respectively for 12 hours.
Membrane thickness was determined by scanning electron microscopy (SEM) micrographs
and x-ray photoelectron spectroscopy (XPS) depth profiling. SEM was performed with a
JEOL JSM-7001F field emission scanning electron microscope with a hot (Schottky) electron
gun at an accelerating voltage of 10 kV. XPS depth profiling was undertaken with a
differentially pumped Kratos minibeam III ion gun using 4 keV argon ions at an ion source
extractor current of 750 nA and data collected every 1 eV. The order of sputter rates for
silicon was in the region of 2.9 nm min-1. The analysed surface area of 0.5 mm x 0.3 mm was
centred in a sputter area of 2 mm x 2 mm. XP spectra were analysed over the binding
energy range 1200-0 eV after each 5 min etch cycle.
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6.6 Results
An XRD analysis was conducted to monitor the doped palladium phase as a function of
calcination temperature and environment. This is presented in Figure 6.1, where it can be
seen that the as prepared dried xerogel displays 2θ peaks at 16.6, 37.6 and 40.0˚ which
correspond to the PdCl2 phase [24]. As the xerogel is heated under an air atmosphere, the
PdCl2 fully oxidises between 400˚C and 630˚C to palladium oxide. This result was
unexpected as PdCl2 decomposes to Pd at 750˚C in air [25]. This suggests that the silica
matrix must promote oxidisation of Cl- in the PdCl2 phase, possibly due to the presence of
silanol bonds. In contrast, when the dried xerogel is exposed to a hydrogen atmosphere at
room temperature, PdCl2 decomposes instantaneously to metallic palladium, a phase that it
retains up until 630˚C.
Figure 6.1: XRD spectra of palladium silica xerogels after calcination in a) air (PdOSi) and b)
hydrogen (PdSi) at various temperatures.
Transmission electron microscopy (TEM) was performed on both PdOSi and PdSi xerogels
calcined at 630˚C to verify the XRD results. Figure 6.2a and b show the representative
micrographs of the PdOSi and PdSi xerogels respectively, while Figure 6.2c and d show high
resolution images of the PdOSi and PdSi nanoparticles, which were obtained from their
respective boxes in Figure 6.2a and b. The inter-lattice fringes of the PdOSi nanoparticle
were measured as 0.307nm (left) and 0.303nm (right), while the inter-lattice fringes of the
PdSi nanoparticle were measured to be 0.221, 0.226, 0.229nm. These values match well
with literature values for the PdO(100) (0.305nm) and the Pd(111) (0.225nm) phases
respectively [26], which in turn correspond to the XRD data presented in Figure 6.1.
Interestingly, it can be seen that the nanoparticles in the PdOSi xerogel are far larger than
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those in the PdSi xerogel. This is also supported by the XRD data which show a much
broader peak width for the PdSi series.
Figure 6.2: Representative TEM images of a) PdOSi and b) PdSi xerogels. The inter-lattice
fringes of the nanoparticles highlighted in a) and b) are displayed in c) and d) respectively.
To further investigate the differences in the nanoparticle/crystallite size of the xerogels, the
crystallite sizes of the palladium phases were calculated by the Scherrer equation and are
displayed in Figure 6.3. It can be seen that the crystallite size for the reduced sample
remains essentially constant over the calcination procedure. This is not the case for the
oxidised xerogel which displays a significantly smaller crystallite size at 500˚C and
corresponds with the decomposition of PdCl2 to PdO. After complete decomposition at 630
°C, the PdO crystallite returns to a size comparable with the original PdCl2 crystallite.
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Figure 6.3: Crystallite size for palladium silica xerogels calcined in air (black) and hydrogen
(red).
Figure 6.3 also highlights the significant drop in the crystallite diameter upon reduction of the
dried xerogel (60˚C). The crystallite diameter of the reduced xerogels is approximately one
fifth of the oxidised xerogels. Perhaps coincidently, the specific volume of metallic palladium
(8.85 cm3 mol-1) is also one fifth that of PdCl2 (44.3 cm3 mol-1). It is thus expected that the
crystallite volume should decrease by a factor of 5 with the conversion of PdCl2 to Pd.
However, for both the crystallite volume and diameter to decrease at a 1:1 ratio, crystallites
must resemble a one dimensional rod (with volume contraction occurring along the rods
length). Transition electron micrographs of both the PdOSi and PdSi xerogels (Figure 6.2a
and b) show the nanoparticles do not form in rod-like structures but are roughly spherical in
nature. Given that the diameter of a spherical particle is proportional to the cubed root of the
volume, the change in crystalline density only accounts for an approximate 42% reduction in
crystallite diameter. This suggests that the difference in the crystalline density of the Pd and
PdCl2 phases is not the sole mechanism for crystallite shrinkage.
The decomposition of PdCl2 can be monitored by observing the change in colour of the PdSi
xerogel. When the atmosphere is switched from air to hydrogen the xerogel completely
changes colour from brown (PdCl2) to black (Pd) within seconds at room temperature. It is
thus proposed that, due to the rapid rate of PdCl2 decomposition coupled with the increase in
crystallite density, the large PdCl2 crystallites split into many smaller Pd crystallites upon
reduction. These smaller crystals were observed in the TEM images in Figure 6.2b. This
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process leaves voids within the silica structure and is illustrated across process a) in Figure
6.4.
Similar to the PdCl2-Pd phase conversion, the PdCl2-PdO transition results in a reduction in
the volume of the palladium nanoparticle phase since the specific volume of PdO (14.7 cm3
mol-1) is one third that of PdCl2. This highlights a significant difference between the PdOSi
and PdSi systems. The PdOSi xerogel exhibits no change in its crystallite size over the
calcination process, save for the PdO crystallite at 500˚C which could be due to a
combination of the reduction in specific volume and the presence of a non-negligible quantity
of amorphous PdCl2 or PdO phases. The PdSi xerogel on the other hand exhibits a
considerable decrease in crystallite size over the phase change, as previously discussed and
no further change in size occurs thereafter. The following discussion will propose that the
different behaviours seen in the crystallite size between the PdOSi and PdSi xerogels is a
function of the local silica environment, which in itself is a function of temperature. Thus the
temperature at which the decomposition occurs will directly affect the size of the palladium
nanoparticle.
Figure 6.4: Palladium nanoparticle morphology with respect to calcination method
For the PdSi xerogel, since the phase conversion occurs at room temperature (and the silica
has only been exposed to 60˚C during drying) the silica structure is relatively uncondensed
[2, 27]. Upon heating, the lack of rigidity in the structure causes it to collapse around the Pd
nanoparticles as seen over process b) in Figure 6.4. As the calcination further progresses
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the silica structure continues to condense in close proximity to the nanoparticles. As such,
limited porous space is present around the nanoparticles which, in turn, prevents particle
agglomeration at higher temperatures. This results in the maintenance of the palladium
crystallite (and indeed nanoparticle) size throughout the entire calcination process as seen in
Figure 6.3 and represented schematically across processes b) and c) in Figure 6.4. It is well
known that the sintering of palladium nanoparticles is highly problematic in fields such as
methane oxidation and aromatic hydrogenation [36, 37]. Encapsulating palladium
nanoparticles within microporous silica, as demonstrated in this work, may provide a solution
to such problems.
On the other hand, for the PdOSi xerogel decomposition occurs around 450˚C. This process
results in a reduction in the nanoparticle size, as shown in process f) in Figure 6.4, and
results in the formation of porous space surrounding the nanoparticle. Since the silica
structure is not fully condensed at this temperature [2, 27], the PdO phase is able to diffuse
through the silica and agglomerate in the voids remaining from the larger PdCl2 phase. As
the calcination temperature continues to rise, the condensation of silica continues and results
in the closing of the remaining large voids, as described for the PdSi xerogel. This is shown
in processes f) and g) in Figure 6.4 for the PdOSi xerogel and corresponds well with a similar
analysis of palladium silica materials [28].
To determine the effects of oxidation and reduction on the PdSi material, alumina supports
were dip coated to investigate the gas permeation performance of the membrane in the
reduced and oxidised states. Figure 6.5a displays an XPS depth profile of the membrane. At
the surface of the membrane the concentration of aluminium is greater than that of silicon.
This suggests that the PdSi sol has fully infiltrated into the pores of the γ-alumina interlayer.
The concentrations of oxygen, silicon and aluminium are constant at depths greater than
30nm while the palladium concentration decreases slightly with depth. The SEM cross-
section of the PdSi membrane, displayed in Figure 6.5b displays the asymmetric membrane
with a 20nm top layer. This corresponds to the XPS depth profile whereby silicon
concentration is greatest in the top 20nm of the membrane and plateaus to a minimum
concentration at all measured depths thereafter.
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Figure 6.5: a) XPS depth profile and b) SEM cross section of PdSi membrane
The gas permeation results for the PdSi membrane are displayed in Figure 6.6a. The helium
permeance of 2.1x10-6 mol m-2 s-1 Pa-1 is an order of magnitude higher than other studies
which have used similar top and interlayers [20, 29-31]. This is attributed to the absence of a
homogenous silica layer on the surface of the γ-alumina interlayer. The silica sol has fully
infiltrated into the pores of the γ-alumina, with silicon concentrations halving 20nm from the
membrane surface. This depth profile differs greatly from studies in the literature that have
used analogous supports and silica sol concentrations. These studies have reported silica
top layers ranging between 150 and 350nm [7, 9, 17, 30]. It is likely that the plugging of the
tube internals to prevent liquid infiltration into the pores (as described in Section 2.2) in this
study has had the reverse effect. Without having the PdSi sol penetrating into the interlayers
from the support side, the PdSi sol had minimal resistance to infiltrate into the interlayer from
the surface. As such, after coating four layers the interlayer pores had not been completely
filled, thus a silica layer has not formed on the surface.
Figure 6.6: a) Single gas permeance and b) permselectivity of PdSi membrane
Figure 6.6a also shows temperature activated gas permeance, with helium permeance
increasing with temperature and nitrogen and carbon dioxide permeance decreasing with
a) b)
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temperature. Temperature activated permeation is a characteristic of the molecular sieving
transport regime, whereby molecules are separated based on their kinetic diameter [32-35].
This suggests that the membrane possesses a narrow pore size distribution, with the
majority of pores falling between 2.9 and 3.3Å (since He/H2 permselectivity ≈ 1, Figure 6.7).
Figure 6.6b shows that the membrane permselectivity increases with temperature, with
maximum He/N2 and He/CO2 selectivities of 29 and 20 respectively.
To investigate the performance of the membrane under oxidised and re-reduced conditions,
the membrane was exposed to air and hydrogen respectively at 500˚C for 12 hours. This
was deemed adequate as full oxidation and re-reduction was achieved using these
conditions for the PdSi xerogels, as shown in Figure 6A1. The gas permeation through the
oxidation and reduction cycling is shown in Figure 6.7. The first reduction measurement
displayed in the figure was performed with the as prepared membrane and is a selection of
the data from Figure 6.6a. It can be seen that the H2/He permselectivity is approximately 1
which indicates that molecular sieving is not the sole transport mechanism taking place. The
adsorption of H2 on the metallic palladium nanoparticle may well be playing a role in H2 gas
permeation. Oxidation at 500˚C resulted in a marked increase in the permeance of helium
and a drastic increase in the permeance of nitrogen and carbon dioxide. This has not been
observed before in other metal doped silica membranes, whereby oxidation generally
reduces gas permeance due to an expansion of the metal nanoparticles [22]. Moreover,
upon the re-reduction of the material, the permeance is effectively unchanged, indicating that
irreversible damage to the membrane performance occurs during oxidation.
Figure 6.7: Single gas permeance of PdSi membrane throughout an oxidation/reduction
cycle.
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We propose that the degradation of membrane performance during oxidation stems from the
preparation of the membrane under reducing conditions. During calcination of the
membrane, silica forms a rigid matrix around the palladium nanoparticles as shown after
process c) in Figure 6.4. It has been observed in literature for materials prepared under
oxidised conditions that reduction and re-oxidation results in the creation and closure of
porosity in the silica network [21, 22]. This is schematically shown across processes h) - i) in
Figure 6.4. However, in materials prepared under reducing conditions (i.e. this study), no
porous space is present for the expansion of the nanoparticles. Oxidation of the
nanoparticles still occurs, as seen in Figure 6A1, which results in the application of pressure
on the silica matrix due to particle expansion. This increases the gas permeance, particularly
of the larger gases (N2, CO2) and decreases the membrane permselectivity which strongly
suggests the formation of cracks in the silica structure. This is depicted schematically in
Figure 6.4 through processes d) and e). It should be noted that a difference in the thermal
expansion coefficients of silica and palladium are not expected to play a dominant role in this
mechanism, as an expansion of only 0.7% in the Pd phase occurs across the temperatures
used in the material synthesis.
This finding contrasts the permeation characteristics of membranes produced from ES40, a
short chained silica polymer derived from TEOS [21]. When the initially oxidised membrane
was exposed to hydrogen, the embedded Co3O4 nanoparticles were reduced to Co(OH)2
resulting in an increase in the particle size, with an associated increase in gas permeance.
However, when the membrane was re-oxidised and the Co3O4 phase was once again
formed, the permeation returned to its value prior to the nanoparticle expansion. This
highlights the differences of TEOS and ES40 derived membranes, with the former producing
more rigid structures while the latter enables the expansion and contraction of the silica
phase with changes to the embedded nanoparticle size.
6.7 Conclusions
This study has investigated the permeation characteristics of palladium doped silica
membranes derived from a TEOS precursor and prepared in reducing conditions. The
palladium doped membrane synthesised in an hydrogen environment displayed temperature
activated permeation, with a He permeance of 2.1x10-6 mol m-2 s-1 Pa-1 and a He/N2
permselectivity of 29. This indicates that the membrane has few defects in its prepared state.
It was found that oxidation of the metallic palladium incorporated in the membrane to
palladium oxide resulted in an increased permeance of all gases, particularly the larger CO2
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and N2 molecules. It was proposed that this was caused by the formation of cracking in the
silica matrix due to the expansion of the nanoparticles. This result shows that silica
membranes derived from TEOS are unable to expand with an increase in the size of
incorporated palladium nanoparticles.
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7. Influence of palladium chloride on the chemical and physical properties of
silica xerogels
7.1 Overview
The doping of silica with transition metals and metal oxides has been widely studied due to
the functionalities they afford to silica materials. However within this body of literature no
work has investigated the influence of the metal dopants on the formation of silica structures
through the sol-gel or calcinations steps. Thus, the aim of chapter 7 is to investigate the
influence that transition metal dopants have on the silica structure during these steps.
Palladium is chosen for this study due to its propensity to form highly crystalline
nanoparticles, which facilitate a simple characterisation of their structure in dried and
calcined materials.
7.2 Contributions
Chapter 7 is wholly my own work with the exception of the contributions of Prof. Joe da
Costa, Dr Simon Smart and Dr Julius Motuzas in an advisory capacity.
7.3 Abstract
This work investigates the influence of the water and acid to silica (R) ratio and the addition
of palladium (PdCl2) on the silica sol-gel reactions, with the aim of producing microporous
palladium doped silica xerogels. In this study it was found for the first time that the addition of
PdCl2 affects the sequencing of sol-gel reactions of silica during the drying process. Samples
doped with PdCl2 were more condensed after drying and less condensed after calcinations
than their non-doped counterparts. It was proposed that the association of the dissolved
palladium complex to water inhibited, and subsequently enhanced the extent of the
hydrolysis and condensation reactions during the drying process, as the water was liberated.
Calcination of the palladium doped material resisted condensation due to the added rigidity
imparted by the relatively condensed pre-calcined structure.
7.4 Introduction
With the natural progression of technological advancement, material engineering is
increasingly being pushed into the nanoscale to enhance the performance of emerging
products. The sol-gel process is a simple and effective method to produce homogenous
materials on a molecular dimension [1, 2], a critical requirement for many fields within this
stream of science. Furthermore, the sol-gel process can produce a wide spectrum of
materials controllable by varying a well defined set of reagents and operating conditions [3].
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For example, the fabrication of microporous silica materials is accomplished by limiting the
water to tetraethyl orthosilicate (TEOS) ratio in the presence of an acid catalyst. A low water
to silica ratio limits the condensation of silanols (Si-OH) into siloxane (Si-O-Si) bonds through
incomplete hydrolysis, while acid catalysts promote the reaction between chain ends and
chain centres [4]. This results in the formation of a weakly branched polymeric system, which
subsequently collapses upon solvent extraction to produce pores in the realm of 3Å [5].
Materials with pore dimensions on the molecular scale have the ability to separate gases
based on their molecular size. Furthermore, microporous silica membranes have the ability
to separate gases at high temperatures due to their high thermal and chemical stability and
narrow pore size distribution [6, 7]. However, the porous structure of silica materials is
unstable with exposure to water at high temperatures. Many attempts have been made to
overcome this limitation, specifically the incorporation of carbon to reduce hydrophilicity [8, 9]
or the doping of transition metals [10-12].
Various methods have been trialled for the doping of metals into silica during the sol-gel
process [13-17]. Schubert et al. [15] incorporated palladium into silica via the covalent linking
of the two species with an organic ligand. It was found that this method produced a narrow
size distribution of palladium nanoparticles compared to the non-linked species. However,
the incorporation of organic species, which is common for palladium dissolution, can alter the
pore size distribution of the resultant silica structure. Upon calcination, carbon is combusted,
leaving behind mesoporous voids which can decrease gas selectivity [18]. As such, typical
metal doping in sol-gel processes utilize metal nitrates or chlorides, which do not leave
mesoporous voids after decomposition. However, a systematic study into the effect of metal
precursor incorporation on the silica sol-gel reactions, and the resultant porous xerogel
structures has not been performed to date. As such, the incorporation of palladium into the
sol-gel system will be investigated in order to monitor its affect on the sol-gel reactions
throughout the solution, drying and calcination phases of xerogel synthesis. Palladium is an
ideal metal for this study due to its propensity to form highly crystalline nanoparticles, which
allows for simple characterisation of composite materials.
Metal nitrate precursors are normally highly soluble in water and ethanol; typical solvents for
TEOS derived membranes. Palladium nitrate, however, has a relatively low solubility in water
and is insoluble in ethanol [19]. It may be dissolved in other solvents, such as acetone,
though this can impede with sol-gel chemistry [20-22]. This is due to the active role of
ethanol, as a product of hydrolysis, and as a reactant in the condensation reactions of TEOS
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[4]. The exchange of solvents not only has a detrimental effect to the homogeneity of the sol-
gel process, but can also affect the coating of substrates due to deviations in the viscosity,
surface tension and density of the resultant solution [23-25]. Palladium chloride is soluble in
both water and ethanol in the presence of hydrochloric acid [19] making it a suitable
precursor for the synthesis of palladium doped silica materials.
The approach of this study will be to look into the production of microporous palladium silica
materials. In particular, we determine the water and acid to palladium ratio required to obtain
complete solubility of PdCl2 and how varying the water and acid quantity affects the chemical
and physical structure of the silica xerogels. From this an optimal palladium concentration
will be determined and the effects of palladium on the sol-gel synthesis, drying and
calcination stages of xerogel production will be analysed. Characterisations were performed
using N2 adsorption, Fourier transform infrared (FTIR) and UV/visible (UV/Vis) spectroscopy,
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) as well as
solid-state 29Si NMR and liquid-state 1H NMR.
7.5 Experimental
Owing to the limited solubility of palladium chloride in water and ethanol, in comparison to
previously studied metal precursors [11, 26], an alternate approach to material optimisation
was employed. A given quantity of palladium chloride (Sigma Aldrich, 99%), such that the
eventual palladium to silicon molar ratio is 0.09 (PdSi09), was mixed with a fixed amount of
deionized water, such that the water to silicon molar ratio is 10, similar to that used for
microporous membrane production in literature [11]. Hydrochloric acid (Univar, 36%) was
then added until full dissolution of the palladium chloride was achieved. The resultant water
to acid ratio was kept constant for all experiments.
The series of silica xerogels (Si) were synthesized via the acid catalysed sol-gel processing
of tetraethyl orthosilicate (TEOS) (Sigma Aldrich, 98%). Initially, hydrochloric acid and water
were mixed with ethanol. The solution was stirred and cooled to 0˚C in an ice bath before
TEOS was added drop wise to solution. The solution was reacted in this condition for 3
hours. For the preparation of the palladium doped silica xerogel series (PdSi), the same
methodology was employed, with the dissolution of PdCl2 occurring before the addition of
ethanol. The final molar ratios of all reagents used in the preparation of palladium silica
xerogels was 4 TEOS: 256 EtOH: x PdCl2: 12.5x HCl: 110x H2O, with the quantity of PdCl2
varied such that a palladium to silica ratio (PdSi) of between 0.03 and 0.50 was obtained.
This is denoted PdSi‘y’, where y is the Pd/Si molar ratio multiplied by 100. For the Si series,
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where x = 0, the quantity of acid and water for each sample was equal to that of the
analogous sample in the PdSi series, denoted as Si‘y’. The reagent molar ratios used in the
preparation of all xerogels are outlined in Table 7.1.
Table 7.1: Molar ratios of reagents used in the preparation of all xerogels. Values in brackets
() indicate molar ratios for the PdSi xerogels when they differ from the corresponding Si
xerogels.
Reagent Molar ratios for all Si and PdSi xerogels
03 06 09 20 30 40 50
TEOS 4 4 4 4 4 4 4
C2H5OH 256 256 256 256 256 256 256
PdCl2 0 (0.12) 0 (0.24) 0 (0.36) 0 (0.8) 0 (1.2) 0 (1.6) 0 (2.0)
HCl 0.375 0.75 1.125 2.5 3.75 5 6.25
H2O 3.3 6.6 9.9 22 33 44 55
Each solution was dried in an oven at 60˚C for 10 days. The resultant monoliths were
crushed by mortar and pestle into a fine powder and calcined at 630˚C for 2.5 hours, with a
1˚C min-1 ramping rate. Xerogel pore size distributions (PSD) were determined from N2
adsorption isotherms acquired with a Micromeritics Tristar3020 apparatus. Samples were
degassed in a Micromeritics VacPrep061 at 200˚C under a vacuum of 2 Pa for 12h. Pore
size distributions were calculated via density functional theory assuming cylindrical pores
with an oxide surface. A regularisation factor of 0.125 was applied to all distributions. Fourier
transform infrared (FTIR) spectroscopy was performed using a PerkinElmer Spectrum 400
FT-IR/FT-FIR spectrometer with a diamond/ZnSe crystal. Data was collected between 4000
– 600cm-1. UV/Visible spectra were recorded with a Thermo Scientific Evolution 220
spectrophotometer. Solutions were diluted by a factor of 1000 in an ethanol, HCl, H2O,
TEOS solution to reduce absorbance values, with spectra obtained with 1 cm quartz cells
between 200 and 600 nm.
The bulk density of dried samples was measured using Archimedes’ principle. The mass of
residual solvent in the xerogels was determined by TGA analysis and was subtracted away
from original mass values. The density of silica in the PdSi06 series was calculated by
subtracting the contribution made by PdCl2. Thermal analysis was conducted using a Mettler
Toledo TGA/DSC 1 Stare system. Data was acquired between 25 - 900˚C at a ramping rate
of 5˚C min-1 under a 60mL min-1 flow of instrument air. Thermogravimetric and differential
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scanning calorimetry (DSC) measurements were made with 70μL platinum reference and
sample pans. Obtained data was subtracted from a blank.
Solid-state 29Si nuclear magnetic resonance (NMR) was performed on a 7T Avance III
spectrometer (Bruker) equipped with MAS probe. The samples were placed in the 4 mm
zirconium rotor and rotated with 7 kHz frequency. The spectra were recorded using single
pulse sequence (SP) with high power proton decoupling. The parameters included 42ms
acquisition time with sweep width of 30kHz; 2000 data points were collected over 200 to
1000 scans. High-power decoupling at 73.53 kHz was applied using tppm15 scheme. The
recycle times were between 150 and 500s, according to the sample’s T1. Chemical shifts
were referenced to SiMe4 at 0 ppm. NMR spectra were deconvoluted using Gaussian
shaped peaks. Silicon species concentrations were calculated based on relative peak areas
with an associated error of 7.5%.
Liquid-state 1H NMR spectra at 25˚C were obtained at 500.13 MHz on a Bruker Avance 500
spectrometer using a 5mm broadband direct probe. A coaxial tube insert containing d6-
acetone was used to lock the system. To ensure quantitative results, approximate T1 times
(< 3 s) were obtained for the methylene groups of the ethanol solvent and the reacted TEOS.
16 scans were acquired using a spectral width of 11ppm, a 90˚ pulse and a recycle time of
18s. The ethanol concentration of the solutions was reduced by a factor of four to get
adequate resolution of the unhydrolysed ethoxy species.
7.6 Results
7.6.1 Porosity variation of silica xerogels
A range of silica xerogels were prepared by sol-gel synthesis while varying the acid and
water to silicon molar ratio (R). This is an important ratio as it dictates the maximum
concentration of palladium that can be homogenously integrated into the silica material on
the nanoscale, since PdCl2 solubility is governed by the quantity of H2O and HCl present.
The H2O/HCl ratio was kept constant at 0.11 across all samples while the H2O/Si ratio was
increased from 3.3 (Si03) to 55 (Si50). The N2 adsorption isotherms for select samples in
this series are displayed in Figure 7.1. It can be seen that at a low R ratio (Si06), the
xerogels produce a type I isotherm, characteristic of microporous materials. Si03 is an
exception, whereby pores are dense to N2. As R increases, adsorption begins to occur at
higher relative pressures. This culminates in the formation of type IV isotherms for the
xerogels Si30 – 50, which is typical for materials with both micro- and mesopores.
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Figure 7.1: N2 adsorption isotherms for silica series with changing water and acid to silica
ratio calcined at 630˚C.
The pore size distribution of the silica xerogels is shown in Figure 7.2. It can be seen that the
pore size distribution widens with an increase in the water and acid content, which reflects
the adsorption of N2 at higher relative pressures. The vast majority of the porosity of the Si06
xerogel lies in the microporous region (dp < 2nm) which reflects its type I isotherm.
Furthermore, it displays a tri-modal distribution as observed by Duke et al. [27] from positron
annihilation spectrometry experiments. Samples with a high water and acid content (Si30-50)
have a majority of their porosity in the mesoporous region, which corresponds to the type IV
isotherms.
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Figure 7.2: Pore size distribution of silica xerogels as a function of the water and acid to
silica ratio. Samples were calcined at 630˚C.
The change in the porosity of the silica xerogels can be related to the sequence of reactions
during the sol-gel synthesis. The effect on these reactions is two-fold, with the addition of
water and acid playing distinct roles. In acidic environments, the increase in the water to
silica ratio enhances the rate, and thus conversion of the hydrolysis reaction in TEOS
systems [4, 28, 29]. At low water ratios hydrolysis will not be complete, leaving alkoxide
groups attached to the silicon monomers. Since the condensation of silanols occurs at a
faster rate than the condensation of alkoxides [28, 30], the polymerisation process can
proceed more rapidly in systems with a larger water to silicon ratio [31]. Thus, solutions with
a high water ratio can undergo uninhibited cross linking reactions resulting in a highly
branched silica network, while solutions with a low water ratio cannot react to the same
extent, forming weakly branched networks culminating in the production of microporous
materials [4, 30, 32, 33].
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In conjunction to this, the polymerisation rate is proportional to [H+] below the isoelectic point
of silica (approx. pH 2) [3]. Considering that the pH of the Si03 solution is less than 1, any
addition of acid will result in an enhancement of the condensation rate. Furthermore, any
condensation reactions that occur in this pH range are essentially irreversible, with the
solubility of silica over three orders of magnitude lower than in basic conditions [1].
Within this series, the rate of polymerisation has been observed by monitoring the gelation
time, a common method for condensation rate determination [3, 4, 34]. For samples with a
high R ratio, solutions form gels at the initial stages of drying with the gelation time
increasing for lower R values. The drying time of the solutions will thus increase proportional
to the R ratio. This is because the onset of gelation increases the percolation resistance
experienced by the evaporated solvents. Figure 7.3 shows the extent of drying after 6 days
for the Si09 - Si50 solutions. The Si09 sample (left) occupies the lowest volume as it has the
smallest amount of solvent remaining in the gel. On the other hand, the Si50 sample (right)
occupies the largest volume due to the inhibition of solvent evaporation imposed by the early
onset of gelation.
Figure 7.3: Gelation of 1) Si09, 2) Si20, 3) Si30, 4) Si40, 5) Si50 silica solutions after 6 days
of drying at 60˚C.
A more detailed analysis of the effects that varying the R ratio has on the hydrolysis and
condensation reactions will be quantified in Section 7.6.2 and 7.6.3 respectively. Given this
analysis, Section 7.6.4 will provide the selection and justification of the most suitable reagent
concentrations for the production of palladium silica materials that may achieve highly H2 gas
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selective membranes. Finally, the influence of palladium on the optimised silica material will
be examined in Section 7.6.5, followed by the conclusions of the study in Section 7.7.
7.6.2 Effect of R on the silica hydrolysis reaction
Figure 7.4 displays the infrared absorption spectrum for the silica series after the drying
process. Siloxane bonds exhibit peaks at 800, 1060 and 1200 cm-1 due to the symmetric
stretching and asymmetric transverse optical (TO) and longitudinal optical (LO) modes
respectively [35, 36]. The peak at 960 cm-1 is produced by the silanol stretching mode [36].
Also, a shoulder at 1150 cm-1, attributed to the C-H bending mode within alkyl compounds
[37, 38] can be seen, which diminishes with increasing R. Furthermore, a triple peak
between 2980 - 2880 cm-1 (inset), representative of alkyl C-H vibrations [37, 39] exhibits the
same trend. This peak is attributed to ethoxy groups that remain attached to the silica matrix
and illustrates that samples prepared with a low water and acid to silica ratio are not fully
hydrolysed after the reaction and drying processes, as previously speculated.
Figure 7.4: Infrared spectra for silica xerogels with low R ratio (Si03 – Si20) dried at 60˚C.
The presence of unhydrolysed alkoxide groups has been further examined by
thermogravimetric analysis and differential scanning calorimetry (DSC) techniques. Figure
7.5 displays both the DSC and the differential thermogravimetric (dTG) results for silica
samples prepared with a low R ratio (Si03 – 20). It can be seen in Figure 7.5a that for Si03,
two large exothermic peaks are evident between 300 and 500˚C. This is due to the
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combustion of the carbon remaining in the xerogels from incomplete hydrolysis reactions.
This was reinforced by the absence of the alkyl C-H vibrations in the infrared spectra of all
samples after calcination at 630˚C (not shown). Furthermore, as the carbon content
decreases, the endothermic peak at 100˚C, present due to the vaporisation of physisorbed
water, increases in temperature and magnitude. This demonstrates the decreasing
hydrophobicity of the material.
The temperatures of weight loss from specific components were evaluated by differential
thermogravimetric (dTG) analyses. These results, shown in Figure 7.5b, correspond to the
DSC measurements, with peaks at 100˚C and 275 - 500˚C for water vapourisation and
carbon combustion respectively. Finally, two peaks in the dTG between 150 and 250˚C are
evident, both of which decrease with an increase in R. They are attributed to the
carbonisation process of non-hydrolysed ethoxy groups [40, 41], and the process seems, like
oxidation, to occur in two steps.
Figure 7.5: Analysis of silica samples by a) differential scanning calorimetry and b)
differential thermogravimetric (dTG) analysis.
7.6.3 Effect of R on the silica condensation reactions
29Si solid-state NMR was employed to determine the effect of varying the R ratio on the silica
structure after the drying and calcination processes. Figure 7.6 displays the NMR spectra for
the Si06 samples before and after calcination. It can be seen that Q2, Q3 and Q4 groups
appear around -92, -101 and -110 ppm respectively, in line with literature values [42]. Over
the calcination process, there is a loss of Q2 and Q3 groups, with an enhancement of Q4
groups, which confirms that condensation reactions are occurring at elevated temperatures,
a vital step in the tuning of silica porosity [36].
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Figure 7.6: Spectra and deconvolution of 29Si solid state NMR for Si06 samples a) dried at
60˚C and b) calcined at 630˚C.
The proportions of Q2, Q3 and Q4 species for samples Si06, Si20 and Si50 before and after
calcination are displayed in Figure 7.7. A clear trend can be seen in Figure 7.7a showing an
increase in Q4 species at the expense of Q2 and Q3 groups with an increase in the water and
acid content. This can be attributed to the enhancement of the condensation rate as the
water and acid content is increased and corresponds with the increase in the extent of silica
hydrolysis.
Figure 7.7: Silica species distribution for samples a) dried at 60˚C and b) calcined at 630˚C
as determined by 29Si solid-state NMR.
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The distribution of the silica species after calcination display different trends. Figure 7.7b
shows an increase in Q3 groups, proportional to R, at the expense of Q4 groups.
Nevertheless, across the calcination process, there is a loss across the Q2 and Q3 species
for all samples. The overall condensation occurring during the calcination process is
summarised in Figure 7.8, where the total concentrations of all the terminal silica species are
shown. For calcined samples these should all be silanol species; however in the uncalcined
samples, especially at low R ratios, there may be a significant portion of ethoxy groups (Si-
OC2H5) as well as silanol groups present. The opposing trend between silica samples before
and after calcination is further exposed here, with terminal groups decreasing and increasing
respectively proportional to the water and acid content. It can be seen that this is due to a
decreased loss of terminal species during the calcination process as R increases.
Figure 7.8: Concentration of terminal silica species determined by 29Si solid-state NMR for
silica samples dried at 60˚C (o) and calcined at 630˚C (□). Bars represent the concentration
loss of terminal species over the calcination process.
The loss of terminal silica species during the calcination process is further investigated in
Figure 7.9. It can be seen that the loss of terminal species is directly proportional to the
mean number of siloxane bonds per silicon centre before calcination (Q*). This emphasises
the importance of the initial formation and distribution of siloxane bonds to the post-
calcination structure. The Si06 xerogel, which contains relatively few siloxane bonds, has a
high rate of condensation over the calcination process, possessing more siloxane bonds in
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its final structure than any other sample. This suggests that an increase in bonds formed
during the sol-gel synthesis and drying processes imparts rigidity to the material. Upon
calcination, this rigidity prevents further condensation reactions from occurring.
Figure 7.9: Total loss of terminal silica species during the calcination process
Given the obtained information, a complete mechanistic view of how the reactions occurring
throughout the sol-gel, drying and calcination processes affect the structure of the silica
matrix can be developed. At a low water and acid content, hydrolysis of TEOS is incomplete
(as shown in Figure 7.4 and Figure 7.5) which inhibits the rate of condensation. This, in turn,
limits the extent of cross linking between silica species in the solution phase of the reaction
[4]. In contrast, condensation occurs at a much faster rate at high R ratios due to the
completion of silica hydrolysis and the higher acid concentrations [20]. This is depicted
schematically in Figure 7.10, with higher R ratios producing a more cross linked silica
structure. The increase in cross linking, proportional to the water and acid content, is evident
in the 29Si NMR spectra of dried materials can be seen in Figure 7.7a, with Q4 species
produced at the expense of both Q2 and Q3 species.
Solutions that have a high degree of silica cross linking form gels at an earlier stage of the
drying process due to the enhanced aggregation of large, branched silica structures,
compared to small, linear structures. This results in a higher percolation resistance for
evaporating solvents, lengthening the materials drying time (refer to Figure 7.3).
Furthermore, the ability for weakly cross linked structures to pack together upon drying
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results in a more dense material compared to highly cross linked structures. This is shown in
Figure 7.11 and schematically depicted in Figure 7.10.
Figure 7.10: Schematic view of silica structures in solution and after being dried at 60˚C and
calcined at 630˚C.
During calcination, the lower bulk density and higher cross linking in samples prepared with
a high R ratio prevents condensation reactions, due to both the increased distance between
neighbouring terminal silica species and the higher rigidity of the silica structure. This is
shown in Figure 7.8 and Figure 7.9 with the loss of terminal silica species over the
calcination process decreasing proportionally to the initial R ratio and Q*. This enables the
retention of large pore sizes, which has been confirmed through N2 adsorption analysis, as
shown in Figure 7.2 and schematically depicted in Figure 7.10.
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Figure 7.11: The bulk density of silica samples dried at 60˚C as determined by Archimedes’
principle.
7.6.4 Selection of R ratio for the synthesis of palladium silica materials
The Si06 xerogel has shown the most suitable properties for the production of hydrogen
selective membranes out of all the compositions analysed. Incomplete hydrolysis resulted in
a low level of branching of the silica network which produced microporous xerogels. Many
studies have shown that materials with very similar pore size distributions when formed as
xerogels produce highly H2 selective membranes when coated on porous supports as thin
films [43-45].
7.6.5 Effect of palladium on hydrolysis and condensation reactions
Palladium silica xerogels (PdSi06) were prepared identically to the Si06 xerogels with the
addition of palladium chloride at the beginning of the sol-gel step. This allows the effects of
the palladium addition to be quantified. Figure 7.12 shows the N2 adsorption isotherms for
the two samples. The PdSi06 xerogel exhibits a type I isotherm that is very similar in shape
to the Si06 xerogel. However, a two and a half fold loss in micropore volume occurs with the
addition of palladium into the structure. A combination of factors could cause this decrease in
the pore volume. Firstly, literature suggests that transition metals doped into the silica
structure during an acid catalysed sol-gel process form nanoparticles, which incorporate into
the porous network of the silica [14, 46, 47]. This is indeed the case for the palladium silica
system when Pd/Si ≤ 0.09 [26]. Thus the overall porosity is expected to drop due to the pore
volume occupied by these nanoparticles. Furthermore, steric hindrance may play a role in
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reducing the accessibility of N2 into the pore network. This is supported by Uhlmann et al.
[48] who found that pores constricted around cobalt oxide nanoparticles, preventing the
access of gas molecules of a similar kinetic diameter to N2.
Figure 7.12: N2 adsorption isotherms for silica (Si06) and palladium silica (PdSi06) xerogels
after calcination at 630˚C.
In addition to the occupation and blocking of porous volume, the nanoparticles themselves
are not porous, thus their additional mass will decrease the overall porous volume per mass
of sample. Finally, the incorporation of palladium could potentially change the bonding of the
silica by interference in the sol-gel, drying and/or calcination stages. This may decrease the
porosity of the silica matrix without altering the pore size distribution that is measured by the
N2 adsorption technique.
Solid-state 29Si NMR was implemented to quantify changes in the bonding of the silica with
the incorporation of palladium. Table 7.2 shows the concentration of terminal silica species
after drying at 60˚C for the Si06, Si20, Si50 and PdSi06 samples. It can be seen that the
number of terminal species has greatly reduced in the palladium doped material (PdSi06 vs.
Si06), and are at a similar level to the silica samples with higher water and acid content. This
suggests that the palladium species must significantly influence the silica during either the
sol-gel or drying stages of the xerogel synthesis.
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Table 7.2: Silica species distribution for xerogels dried at 60˚C
Sample
Peak Areas Terminal
SpeciesQ2 Q3 Q4
Si06 10% 45% 45% 16%
Si20 7% 41% 52% 14%
Si50 6% 36% 58% 12%
PdSi06 4% 44% 53% 13%
Similarly, the loss of terminal silica species across the calcination process is reduced for the
PdSi06 sample in comparison to the Si06 sample as shown in Figure 7.13. This is similar to
increasing the water and acid ratio, indicating an added rigidity to the structure. Given that
the pre-calcined density of silica is within error for the PdSi06 (1.34 ± 0.09 g cm-3) and Si06
(1.39 ± 0.09 g cm-3) xerogels, this indicates that Q* is the predominant factor in determining
the loss of terminal species across the calcination process. Furthermore, given the
microporous nature of the PdSi06 xerogel, this data also indicates that the pre-calcined
density is the predominant factor in determining the pore size distribution of the calcined
xerogels. However, caution must be placed in this analysis as the embedded palladium
phase may play a significant role in the condensation reactions across the calcination
process.
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Figure 7.13: Concentration of terminal silica species determined by 29Si solid-state NMR for
silica samples dried at 60˚C (o) and calcined at 630˚C (□). Bars represent the concentration
loss of terminal species over the calcination process.
Differential scanning calorimetry was employed to investigate the relative content of carbon
remaining in the materials after the drying process. This can be seen in Figure 7.14 for both
the Si06 and PdSi06 xerogels. The peaks between 150 and 500˚C, due to the combustion of
unhydrolysed ethoxy groups attached to the silica, are absent for the PdSi06 material.
Furthermore, the PdSi06 xerogel displays a larger endothermic peak at 100˚C indicating that
it is a less hydrophobic than the Si06 xerogel. These results suggest that the extent of
hydrolysis has been increased with the addition of palladium chloride to the sol-gel solution.
This finding is consistent across all partially hydrolysed samples (i.e. PdSi03 – PdSi20).
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Figure 7.14: Differential scanning calorimetry analysis of silica (Si06) and palladium silica
(PdSi06).
7.6.5.1 Effect of PdCl2 on initial sol-gel reactions at 0˚C
UV/Visible spectroscopy was employed to determine the dissolved palladium species in
solution before drying commences. Dissolved palladium chloride can exist in ethanol and
water solutions in the form of PdCln(H2O)
2-n
4-n where n = 0 – 4 [49]. The UV-Vis spectrum for
the PdSi06 solution, diluted by a factor of 1000 is displayed in Figure 7.15. Absorbance
peaks at 225, 295 and 475 nm with a shoulder at 330 nm can be seen, all of which relate to
the PdCl42- species, with no associated water present in the compound [49, 50]. This is
expected since the initial composition of the solution contains 97.6 parts ethanol to 2.4 parts
water by mass.
Si06
PdSi06
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Figure 7.15: UV-Visible spectra for a PdSi06 solution diluted by a factor of 1000.
Liquid-state 1H NMR was performed on the Si06 and PdSi06 solutions after the initial 3 hour
reaction time to determine the effect of the addition of palladium chloride on the extent of
hydrolysis before drying commences. Figure 7.16 shows the spectra for both the Si06 and
PdSi06 samples. The large peak at 3.55ppm is due to the -CH2 bonds of ethanol, with the
quartets at 3.41 and 3.69 ppm relating to the resonance of these bonds [51]. The broad peak
at 3.81 ppm is due to the unhydrolysed -CH2 species bonded to the silica structure (ethoxy
groups) [51]. It can be seen that a negligible difference exists between the unhydrolysed
species in both samples indicating minimal differences in the reaction rate during the initial 3
hour period. Differences in the hydrolysis must therefore occur during the drying process.
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Figure 7.16: Spectra of liquid-state 1H NMR for Si06 and PdSi06 sols after 3 hours of
reaction.
7.6.5.2 Effect of PdCl2 on sol-gel reactions during drying at 60˚C
Solid-state 29Si NMR of the Si06 and PdSi06 xerogels was obtained after 4, 7 and 10 days of
drying and are displayed in Figure 7.17a and b respectively. These drying times were
chosen for analysis to determine the silica speciation immediately after gelation (4 days),
after drying is complete (10 days) and at the midpoint between them. Furthermore, the
distributions of silica species determined by peak deconvolution of the respective Si06 and
PdSi06 spectra are shown in Figure 7.17c and d. Figure 7.17c indicates that a statistically
insignificant amount of condensation reactions occur for the Si06 xerogel between 4 and 10
days of drying. Although an increased intensity in the Q4 peak in the Si06 spectra is
observed, it is accompanied by a broadening of the Q3 peak. On the other hand, Figure
7.17d indicates that the extent of condensation in the PdSi06 xerogel after 4 and 10 days of
drying has significantly increased. In fact, this increase is predominantly observed between
the 4th and 7th day.
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Figure 7.17: 29Si NMR spectra of a) Si06 and b) PdSi06 xerogels after 4, 7 and 10 days of
drying. c) and d) exhibit the concentrations of all silica species, determined by deconvolution
of the Si06 and PdSi06 respectively.
It is clear that the palladium species impacts the rate and extent of silica condensation over
the course of the drying process. A significant increase in the extent of condensation
between 4-7 days was observed for the PdSi06 sample. This is accompanied by an increase
in the extent of hydrolysis during the drying process, given the similarity in the extent of
hydrolysis after the initial 3 hours at 0˚C observed by 1H NMR (Figure 7.16) and the
diminished loss of carbon species during the calcination process, as determined by TGA in
Figure 7.14. Since the rate of condensation between two silanol species is approximately 3
orders of magnitude higher than between a silanol and an ethoxy group [28, 30], the
differences observed in the rate and extent of condensation occurring during the drying
process can be directly attributed to the hydrolysis of silica.
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The hydrolysis reaction is directly dependent on the concentration of free water and PdCl42-
has a tendency to form aqua palladium chloro complexes in the presence of water. It is
therefore highly likely that the differences observed in the speciation of silica involve the
interaction between the dissolved palladium species and water. However, since the initial
ethanol to water mass percentage of 97.6 is above the azeotropic concentration of 95.6 wt%
ethanol, water is more volatile than ethanol in the solution. Since the dissolved palladium
species before drying commences (PdCl42-) has no affinity with water, and the solution is
expected to become richer in ethanol as drying progresses, the formation of aqua palladium
chloro complexes in the latter stages of the drying process should not be possible. However,
at closer inspection an in built mechanism is present within the silica sol to prevent water
evaporation. This takes the form of the hydrolysis reaction and occurs during both the initial
3 hours at 0˚C and drying at 60˚C [4, 20]. In essence the hydrolysis of silica must occur
before its condensation. This provides a time (t1 – t2) in which water is unable to evaporate
from solution, as schematically depicted in Figure 7.18.
As drying progresses, and especially as gelation approaches, the condensation rate of the
silica increases due to the increased proximity of silanol species [20, 21]. This reaction
liberates water from the silica, which increases the concentration of water in solution. In fact,
the water concentration may increase to the extent that the azeotropic point is crossed, given
that the majority of ethanol has been evaporated at this point of the drying process. Thus, as
drying progresses further the solution becomes more concentrated with water since ethanol
is more volatile than water on this side of the azeotropic point. An increasing concentration of
water promotes the formation of aqua palladium chloro complexes [49].
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Figure 7.18: Schematic of the role that the hydrolysis and condensation reactions play in
preventing water evaporation.
The association of water with the palladium species accounts for the previously presented
29Si NMR (Figure 7.17) and TGA (Figure 7.14) results. Before gelation of the silica, water
associates with the palladium. This reduces the amount of free water remaining in the
solution and results in a reduction in the hydrolysis, and thus condensation rate. This is seen
in Figure 7.17, with the Si06 gel more condensed than the PdSi06 gel after 4 days of drying.
Between day 4 and day 7 of the drying process the PdSi06 xerogel becomes more
condensed than the Si06 xerogel, indicating a significant increase in the hydrolysis rate over
this period. Further, minimal condensation occurs in the PdSi06 xerogel between day 7 and
day 10 of the drying process. This is expected since negligible solvent evaporation occurs
between day 7 and 10 of the drying process, suggesting the xerogels are dried to their
maximum extent. Thus, after 7 days of drying the palladium species should exist in the silica
as PdCl2, similar to the xerogel that has been dried for 10 days (Figure 7.19). Therefore,
between day 4 and day 7 of drying the palladium species loses its associated water. This
results in additional free water during this period and thus increases the hydrolysis, and
therefore the condensation rate. Overall the PdSi06 xerogel ended the drying process with a
higher degree of condensation. This is due to the increased proximity of silanol bonds and
the relatively low interference of ethanol when water was available for hydrolysis in the latter
stages of drying for the PdSi06 xerogel. The increase in hydrolysis rate for the PdSi06
xerogel corresponds to the TGA shown in Figure 7.14, which reveals significant remaining
organic species in the Si06 xerogel, with negligible quantities existing in the PdSi06 xerogel.
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Figure 7.19: X-ray diffraction pattern of PdSi06 xerogel dried for 10 days at 60˚C.
Crystallinity peaks identified from JCPDS card no. 01-0228.
This analysis allows an interesting contrast to be drawn between hydrolysis completion in the
early stages (liquid phase) and later stages (solid phase) of reaction. With a high R ratio it is
expected that the hydrolysis reaction is fully complete in the initial stages of reaction. This
allows cross linking condensation reactions to occur uninhibited through the entirety of the
drying process and forms low density structures shown in Figure 7.10. For low water and
acid ratios, hydrolysis is limited which inhibits cross linking condensation reactions. This
produces weakly branched, denser structures as shown in Figure 7.10. When the PdCl2
precursor is added, the hydrolysis reaction is inhibited until after gelation.
This results in cross linking condensation reactions; however the structure is already
significantly condensed by this point, which results in the formation of a microporous
structure after calcination is complete.
7.7 Conclusions
This study investigated the influence of water and acid, and the addition of PdCl2 on the sol-
gel reactions of silica xerogels. Increasing the water and acid content saw an increase in the
extent of the hydrolysis and condensation reactions for the silica xerogels as expected. This
resulted in a decrease in xerogel density, and an increase in the mesoporosity of the
xerogels proportional to the water and acid content. The Si06 xerogel was chosen as the
optimal material for palladium addition due to its highly microporous pore size distribution.
The addition of the PdCl2 precursor to the Si06 xerogel was found to have an influence on
the sol-gel reactions during the drying and calcination processes. It was hypothesised that
the association of the dissolved PdCl2 species with water inhibited both hydrolysis and
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condensation reactions, though when the water was liberated from the metal-water complex
these reactions were promoted. Thus, the dried palladium doped xerogels were more
condensed than their analogous silica xerogels. Upon calcination the palladium silica xerogel
maintained a microporous structure, despite its higher level of condensation. This was due to
the formation of a dense structure after drying, similar to the Si06 xerogel, and dissimilar to
silica xerogels prepared with high water and acid contents.
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8. Conclusions and Recommendations
8.1 Conclusions
This thesis focused on the investigation of metal-metal and metal-silica interactions in
microporous silica doped with novel metals/metal combinations. In particular this thesis
endeavoured to understand how these interactions affected the porosity of silica and the
phase of the metal dopants and how this, in turn, affected the gas separation properties of
microporous silica membranes.
The first contribution of this thesis found that lanthanum does not behave like conventional
transition metals when doped into microporous silica. It was found that the formation of
lanthanum silicates alters the pore size distribution (PSD) of silica materials. For lanthanum
silica xerogels with a low level of doping (La/Si molar ratio ≤ 0.15), xerogels were purely
microporous, though the microporous volume decreased with increasing silicate formation.
This was due to the conversion of microporous silica into a dense lanthanum silicate phase.
At high dopant concentrations (La/Si > 0.15) mesoporosity is formed. This is created within
the voids between the lanthanum silicate nano-domains, a consequence of the consumption
of the microporous silica.
The second contribution of this thesis found that the co-doping of lanthanum and cobalt in
silica membranes preferentially collapsed/closed pore sizes ≥ kinetic diameter of H2
(dk=2.89Å), resulting in He/CO2 permselectivity increase by 145% (from 80 to 196) after
exposure to 500˚C for 6 days. In addition, it was found that the cobalt species increased the
formation of silicates by 50%, indicating that the silicate phase plays a role in the enhanced
thermal stability. These results are contrary to other silica and metal doped silica membranes
which undergo thermal densification and closure of the smaller pore sizes instead of the
larger pores. This unexpected result is attributed to the formation of lanthanum silicate and
its interaction with the silica matrix together with the cobalt oxide nano-domains. Therefore,
lanthanum silicates conferred superior structural stability in the silica matrix.
The third contribution of this thesis found that the co-doping of palladium and cobalt provides
a novel functionality to molecular sieving silica membranes. The higher reduction potential of
the palladium oxide nanoparticle resulted in its preferential reduction, while cobalt remained
in its oxidised state. This resulted in a 40% decrease in the palladium nanoparticle volume
which corresponded to a decrease in He/N2 gas permselectivity from 70 in the oxidised cycle
to 30 in the reduction cycle. It was postulated that the changes in gas permselectivity
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occurred due to the opening of a molecular gap caused by the reduction of PdO to metallic
Pd, thus slightly altering the membranes porosity.
The fourth contribution of this thesis found that the lack of localised porosity to accommodate
the oxidation (expansion) of metallic palladium nanoparticles deteriorates silica membrane
performance. This was observed with a reduction in He/N2 permselectivity from 30 to 6 upon
oxidation of the membrane which was not recovered upon re-reduction. This degradation in
performance is due to the stress imparted on the surrounding silica matrix from the
expansion of the palladium nanoparticles and results in the formation of micro-cracks, thus
decreasing gas permselectivity.
The fifth and final contribution of this thesis found that the interaction of the PdCl2 precursor
with water inhibits the hydrolysis and condensation sol-gel reactions before silica gelation.
Thereafter, hydrolysis and condensation reactions are enhanced, with their extents of
reaction surpassing the non-doped silica xerogels. This is due to the liberation of water from
the palladium complex combined with a reduced quantity of ethanol to inhibit the reaction.
Calcination of the palladium doped material resisted condensation due to the added rigidity
imparted by the relatively condensed dried structure, resulting in the production of a silica
structure with a higher concentration of silanol bonds.
In summary, this thesis has assessed the chemical, physical and gas separation properties
of novel combinations of metal doped silica materials. It has been shown that the metal-
metal, metal-silica interactions have a significant impact on the chemical, physical and
separation characteristics of silica and silica membranes. The contributions of this work
cover a significant gap in understanding how complex metal-silica composites interact, and
thus provides a basis for the improvement of silica and silica membranes, particularly for H2
gas separation applications.
8.2 Recommendations for future work
For future work, the improvement of the gas separation properties and stability of the
materials with exposure to industrial conditions needs to be investigated. More specifically:
 It has been shown that metal (palladium) and metal oxide (cobalt) nanoparticles can
co-exist in a microporous silica matrix. The interactions between these two metal
species should be further understood. H2-TPR, XRD and XPS techniques could be
used to give further insight into this area. An investigation into how the presence of
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these two phases influences both the hydrothermal stability and H2 permselectivity is
required to determine the feasibility of this concept. Furthermore, an investigation into
the reversibility of the phase change of these two components needs to be conducted.
 Different metal/metal oxide combinations should be trialled for the binary doped silica
material. In particular, palladium could be exchanged for nickel which has shown a
higher propensity for enhancing hydrogen permselectivity. In addition, nickel nitrate is
much more soluble in water/ethanol solutions than palladium chloride, which allows
the Ni/Si molar ratio to be uncoupled from the H2O/Si molar ratio which will therefore
allow a higher level of material tailorability.
 The hydrothermal stability of silica materials with lanthanum silicate domains should
be investigated. The formation of metal-silica bonds produces drastically different
structures compared to the incorporation of discrete metal oxide nanoparticles which
are typically utilised in silica materials to prevent hydrothermal degradation. Thus
such a study would provide more knowledge behind hydrothermal stability
mechanisms.
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Appendix A
PdSi xerogel samples were subjected to an oxidation and reduction cycle at 500˚C with
exposure to air and H2 respectively for 12 hours. This was conducted to determine the
conditions required for full oxidation and reduction of the PdSi material, with the aim of
characterising the gas permeation of the membrane through oxidation/reduction cycling.
The XRD patterns of the xerogels after treatment are displayed in Figure 6A1. It can
be seen that the palladium in the xerogel initially calcined in flowing hydrogen at 630˚C
is fully reduced. Similarly, full oxidation and re-reduction is achieved under the conditions
used for the redox cycling.
Figure 6A1: XRD spectra of palladium silica xerogels initially reduced at 630˚C [PdSi] and
oxidised [PdSi(O)] and re-reduction [PdSi(OR)] at 500˚C for 12 hours.
